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1.1. PROBLEMÁTICA MEDIOAMBIENTAL 
La problemática de la contaminación en el medio ambiente se ha convertido en los últimos 
tiempos en una de las principales preocupaciones de la sociedad. Los avances tecnológicos han 
originado la introducción en el medio ambiente de contaminantes y la aparición de nuevos 
problemas de carácter global, que afectan a todo el planeta (efecto invernadero, destrucción 
de la capa de ozono, contaminación marina, etc). Además las grandes y numerosas 
concentraciones urbanas e industriales y la explosión demográfica, producidas a partir del siglo 
XX, ocasionan un agravamiento de la contaminación localizada (Orozco,  et al., 2003). 
Los contaminantes en el medio se distribuyen en función de su difusión entre la hidrosfera 
(agua), atmosfera (aire) y la litosfera (suelo) de la forma que muestra la Fig. 1.1. 
 
Fig. 1.1. Difusión de los contaminantes en el medio ambiente: ksw es la constante de reparto del contaminante entre 
el suelo y el agua; ksa es la constante de reparto del contaminante entre el suelo y la atmósfera y kaw es la constante 
de reparto del contaminante entre el agua y la atmósfera(Orozco, et al., 2003). 
Cabe destacar que la problemática generada por los contaminantes es función del medio en el 
que se encuentre y requiere por tanto un estudio detallado. Es por ello, que esta Tesis se 
centra particularmente en la problemática de la contaminación en aguas y suelos o 
sedimentos. 
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1.1.1. PROBLEMÁTICA DE LA CONTAMINACIÓN DE LAS AGUAS 
El agua es indispensable para la vida, y la sociedad actual exige, cada vez más, que los 
estándares de calidad se aseguren. El agua puede ser contaminada a partir de diversos focos: 
la industria, los hogares y las actividades agrícolas. Además, el incesante crecimiento de la 
población mundial puede provocar su escasez en algunas zonas del planeta (Gupta, et al., 
2012). 
La Unión Europa a través de la Directiva Marco del Agua ha establecido como objetivo alcanzar 
un “buen estado” ecológico y químico de todas las aguas comunitarias en 2015. Para lograr 
este objetivo es necesario mejorar y restaurar el estado de las masas de agua superficiales, 
lograr que estén en buen estado químico y ecológico a más tardar a finales de 2015, y reducir 
la contaminación debida a los vertidos y emisiones de sustancias peligrosas; proteger, mejorar 
y restaurar la situación de las aguas subterráneas y prevenir su contaminación y deterioro, lo 
que garantiza un equilibrio entre su captación y su renovación, además de preservar las zonas 
protegidas. Sin embargo, la comunicación de la comisión al parlamento europeo y al consejo 
sobre la primera fase de aplicación de la Directiva Marco del Agua informa que el porcentaje 
real de masas de agua que cumplen todos los objetivos de la Directiva Marco es bajo e incluso 
en algunos Estados miembros no supera el 1 %.  
En las aguas pueden encontrarse presentes muchas sustancias contaminantes, pero su 
toxicidad sólo se observa a partir de ciertos límites. El tipo de contaminantes presentes en las 
aguas depende, principalmente, de la naturaleza de las actividades industriales y municipales 
desarrolladas en el entorno. Los contaminantes en las aguas se pueden clasificar como 
orgánicos, inorgánicos y biológicos. Los contaminantes inorgánicos más comunes son nitratos, 
fosfatos y ciertos metales. Los contaminantes orgánicos tóxicos que se pueden encontrar son 
pesticidas, insecticidas, herbicidas, fungicidas, hidrocarburos aromáticos policíclicos (HAPs), 
fenoles, bifenilos policlorados, bifenilos, detergentes, aceites, grasas, etc. Por otro lado, hay 
microorganismos como la bacteria Escherichia coli, el virus del polio o el protozoo Giardia 
lambia, cuya presencia en las aguas residuales provoca la aparición de enfermedades (Gupta, 
et al., 2012). Los contaminantes más comunes de los efluentes aparecen resumidos en la Fig. 
1.2. 
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Fig. 1.2. Principales contaminantes orgánicos e inorgánicos de las aguas. 
Ante la gran diversidad de contaminantes, cuya presencia en medios acuosos debe ser 
reducida o eliminada, en el estudio llevado a cabo en la presente Tesis se han seleccionado 
como contaminantes tipo los tintes y pesticidas. 
En los últimos años la aparición de contaminantes recalcitrantes que no pueden ser eliminados 
en tratamientos convencionales, entre los que se encuentran los compuestos objeto de 
estudio, y el aumento en el interés público por la contaminación del medio ambiente han dado 
lugar a una serie de restricciones y límites de concentración impuestos por la legislación 
(Tsantaki, et al., 2012).  
Los tintes son ampliamente utilizados en la industria textil, del plástico, del papel y de la 
cosmética para distintos procesos de tintado (Malik, 2003). De entre ellas, la industria textil 
consume grandes cantidades de agua y productos químicos, generando un gran volumen de 
agua residual, que cuando se expulsa al medio ambiente origina serios problemas debido a la 
alta carga orgánica, a su toxicidad y al efecto estético que origina la presencia de color. El 
efecto del color, incluso a concentraciones muy bajas de tinte, absorbe e interfiere con la 
penetración de la luz en el agua y puede afectar a la biota acuática (Robinson, et al., 2001). 
Existen numerosos estudios que describen la toxicidad de los tintes que se liberan al medio 
ambiente (Zollinguer, 1987). La concentración de estos compuestos es fácilmente analizada 
mediante técnicas espectrofotométricas. De este modo se han elegido una serie de tintes 
sintéticos (Lissamine Green B, Azure B y Reactive Black 5) como contaminantes modelo para el 
estudio de su degradación y de la efectividad de las nuevas metodologías analizadas en la 
Tesis. 
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Por otro lado, en los últimos años ha aumentado el uso de pesticidas con objeto de controlar, 
repeler, prevenir o erradicar plagas. Estos compuestos incluyen no sólo un amplio rango de 
productos químicos, sino también agentes desinfectantes. A pesar de su efecto positivo, su 
composición a menudo representa una amenaza para los seres humanos y el medio ambiente 
(Fulekar, 2010). Algunos de los efectos sobre la salud asociados con la exposición a pesticidas 
son: cáncer, disrupción endocrina o toxicidad reproductiva (Sugeng, et al., 2013). El aumento 
de su producción y aplicación en todo el mundo durante las últimas décadas ha originado que 
estos compuestos se encuentren también presentes en el medio acuático, ocasionando 
diversos problemas medioambientales. Por ello, estos contaminantes emergentes, se han 
considerado de interés para el estudio de su posible degradación mediante la aplicación de las 
técnicas de tratamiento desarrolladas en la presente Tesis, seleccionando como pesticida 
modelo el imidacloprid, ampliamente introducido en la agricultura y caracterizado por una alta 
solubilidad y toxicidad. 
1.1.2. PROBLEMÁTICA DE LA CONTAMINACIÓN DE LOS SEDIMENTOS MARINOS 
Los sedimentos son el destino final de los contaminantes adsorbidos en las partículas en los 
sistemas acuáticos, y pueden ser una fuente de compuestos tóxicos que amenazan la salud y la 
viabilidad de la biota acuática (Chen and White, 2004; Yu, et al., 2006). La actividad genotóxica 
de los compuestos orgánicos de muchos tipos de efluentes industriales está 
predominantemente asociada a la materia particulada. Los compuestos hidrófobos se 
adsorben en la materia particulada suspendida para finalmente incorporarse a los sedimentos 
del fondo marino. De esta manera los sedimentos se convierten en un sumidero de 
compuestos hidrófobos medioambientalmente peligrosos, donde los procesos de 
postsedimentación contribuyen a su exposición a la biota bentónica. El continuo movimiento 
de estos sedimentos con contaminantes puede generar una fuente de contaminación que se 
reintroduce en la columna de agua por resuspensión o transferencia a través de la cadena 
trófica (Chen and White, 2004).  
Las fuentes de contaminación de los sedimentos marinos son principalmente las industrias 
(papelera, refinerías de petróleo, etc), que emiten metales (As, Cd, Cr, Co, Pb, Ni y Be), y 
contaminantes orgánicos como los hidrocarburos totales de petróleo (HTPs), el estireno o el 
óxido de etileno (Chen and White, 2004). Otra fuente de contaminación son las aguas 
residuales municipales, que contienen sólidos en suspensión, organismos patógenos, restos 
orgánicos en descomposición, nutrientes y diversos productos químicos de pequeñas 
industrias, instituciones y hogares (White and Rasmussen, 1998). También hay un pequeño 
aporte atmosférico, pero con un impacto mucho menor. Las principales fuentes de 
contaminación y contaminantes aparecen en la Fig. 1.3. 
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Fig. 1.3. Principales fuentes de contaminación y contaminantes de los sedimentos marinos. 
Los sedimentos marinos son frecuentemente considerados como los mayores sumideros de 
metales en los sistemas acuáticos, y una fuente potencial de metales traza para la columna de 
agua y la biota bentónica. Hay estudios que han revelado que la mayor fuente de dicha 
contaminación son las actividades antropogénicas, incluyendo el vertido de aguas residuales e 
industriales (Fang and Yang, 2010). La movilidad y disponibilidad de los metales depende de los 
tipos de uniones a las matrices geoquímicas que componen el sedimento (Liu, et al., 2013). La 
contaminación por metales en el medio marino ha sido estudiada a lo largo de las últimas 
décadas en los sedimentos y organismos, lo que ha demostrado que la presencia de ciertos 
metales puede dañar la biodiversidad marina y los ecosistemas (Matta, et al., 1999; Roméo, et 
al., 2005; Sivaperumal, et al., 2007). Los metales se acumulan en los organismos marinos y se 
transfieren a la cadena alimenticia de los humanos provocando un potencial riesgo para la 
salud (Firat, et al., 2008; Madany, et al., 1996; Pourang and Dennis, 2005). El desarrollo de 
nuevas tecnologías para el tratamiento de metales pesados es particularmente interesante 
debido a su peligrosidad medioambiental. Además, existen límites de concentración 
establecidos por normativas vigentes (CEDEX, 1994). Por ello, en la presente Tesis se evalúa el 
tratamiento electrocinético y electrocinético-Fenton para la descontaminación de este tipo de 
sedimentos. 
Los HTPs engloban muchos compuestos químicos con origen en el petróleo crudo. Entre ellos 
son de particular interés los hidrocarburos aromáticos policíclicos (HAPs), contaminantes 
ambientales que además de las fuentes antropogénicas poseen un origen natural, por lo cual, 
siempre han estado presentes en el medio ambiente. Sin embargo, el aumento del uso de los 
derivados del petróleo ha incrementado sus concentraciones, presentando un riesgo para los 
organismos. Su interés medioambiental radica en sus propiedades tóxicas, mutagénicas y 
cancerígenas (Haritash and Kaushik, 2009). La persistencia de estos compuestos en el medio 
está controlada por factores bióticos y abióticos (Marini and Frapiccini, 2013). Estos 
Sedimento 
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compuestos orgánicos están ampliamente extendidos en los sedimentos, especialmente en las 
zonas próximas a áreas de intensa actividad humana. Los HAPs son biológicamente 
disponibles, con lo cual su presencia en el ambiente puede causar altas concentraciones en los 
tejidos de los organismos (McElroy, et al., 1989). Incluso concentraciones bajas de ciertos HAPs 
e hidrocarburos de petróleo en el agua marina y sedimentos pueden tener un efecto negativo 
en los organismos acuáticos (Krahn and Stein, 1998; Long, et al., 1995; Myers, et al., 1991). Su 
baja solubilidad provoca que se encuentren fuertemente unidos a la matriz del sedimento, lo 
que complica seriamente su degradación. En el trabajo realizado en esta Tesis se estudia la 
adición de agentes solubilizantes que permitan que las técnicas de remediación, como el 
tratamiento electroquímico, sean más efectivas. 
1.2. TRATAMIENTO DE EFLUENTES  
Existen diversos tipos de procesos para reducir la contaminación en efluentes, que se pueden 
dividir en tratamientos físicos o físico-químicos, químicos y biológicos (Fig. 1.4) 
 
Fig. 1.4. Clasificación de los distintos tipos de tratamientos aplicables a efluentes contaminados. 
Las técnicas físicas o físico-químicas incluyen la coagulación/floculación (Zhang, et al., 2014), 
adsorción (Ashraf, et al., 2013; Hu, et al., 2013) y separación por membrana (Masse, et al., 
2013). Entre los tratamientos químicos se encuentra la fotólisis (Khaleel, et al., 2013), hidrólisis 
(Li and Shan, 2013) o la oxidación química (Ikehata and El-Din, 2006; Khandegar and Saroha, 
2013; Zhao, et al., 2012). Los tratamientos biológicos principalmente emplean la actividad de 
los microrganismos como es el caso de la degradación bacteriana (Ali, et al., 2009; Malaviya 
and Rathore, 2007; Moscoso, et al., 2012). La Tabla 1.1 muestra un resumen con los distintos 
Tratamientos de efluentes
Físicos y Físico-químicos
Coagulación/floculación
Adsorción
Separación por membrana
Químicos
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tratamientos y principales contaminantes sobre los que actúan, además de referencias de 
trabajos realizados al respecto. 
Tabla 1.1. Tratamientos para la descontaminación de efluentes contaminados. 
Tipo de 
tratamiento 
Tratamiento Contaminantes Bibliografía 
Tratamientos  
Físico-químicos 
 
Coagulación/Floculación 
Metales, fósforo, sólidos 
en suspensión y materia 
orgánica 
Zhang, et al., 2014 
Adsorción 
Todo tipo de 
contaminantes 
Ashraf, et al., 2013; 
Hu, et al., 2013 
Separación por membrana Sólidos en suspensión Masse et al, 2013 
Químicos 
 
Fotólisis 
Prácticamente todo tipo 
de compuestos orgánicos 
Khaleel et al, 2013 
Hidrólisis 
Prácticamente todo tipo 
de compuestos orgánicos 
Li and Shan, 2013; 
Chen et al, 2013 
Oxidación  química 
Prácticamente todo tipo 
de compuestos orgánicos 
Ikehata and El-Din, 
2006; Khandegar and 
Saroha, 2013; Zhao, 
et al., 2012 
Biológicos 
 
Biorremediación 
Amplio espectro de 
contaminantes orgánicos  
y metales 
Ali, et al., 2009; 
Malaviya and 
Rathore, 2007; 
Moscoso, et al., 2012 
 
Entre las múltiples técnicas que se pueden aplicar al tratamiento de efluentes caben destacar 
los Procesos de Oxidación Avanzada (POAs), procesos no selectivos y altamente eficientes, que 
se presentan como una importante alternativa en la degradación de diversos contaminantes. 
Estas técnicas están siendo objeto de numerosos estudios en la comunidad científica 
(Pignatello, et al., 2006). Se basan en la generación “in situ” de radicales hidroxilo (●OH) 
altamente reactivos. Este radical es un poderoso agente oxidante que es capaz de degradar 
contaminantes orgánicos persistentes en soluciones acuosas (Rosales, et al., 2009).  
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Dentro de estos procesos se encuentra la técnica electro-Fenton, tecnología híbrida entre los 
procesos electroquímico (reacciones de oxidación reducción en la superficie de los electrodos) 
y Fenton (generación de radicales hidroxilo por las reacciones del H2O2 y el Fe
2+) (Brillas et al, 
2009). La clasificación de este tratamiento dentro de las tecnologías de descontaminación de 
efluentes aparece en la Fig. 1.5. Sus principales ventajas e inconvenientes con respecto a los 
tratamientos electroquímico y Fenton se describen en la Tabla 1.2. El proceso electro-Fenton 
se ha convertido en una alternativa atractiva para degradar nuevos compuestos que no son 
eficientemente degradados con las técnicas tradicionales. En el proceso electro-Fenton no se 
crea una contaminación secundaria debido al ciclo catalítico de las especies de Fe3+ en el 
medio. De este modo la cantidad hierro que se añade es mucho menor que en el tratamiento 
Fenton tradicional y se evita la precipitación del mismo y la formación de lodos (Salazar and 
Ureta-Zañartu, 2012). 
 
 
Fig. 1.5. Esquema que muestra la clasificación de los tratamientos de efluentes contaminados en los que se engloba 
el tratamiento electro-Fenton. 
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Tabla 1.2. Esquemas de los reactores y resumen de las principales ventajas e inconvenientes del uso de los 
tratamientos Fenton, electroquímico y electro-Fenton. 
PROCESO FENTON PROCESO ELECTROQUÍMICO PROCESO ELECTRO-FENTON 
Es
q
u
em
a 
d
el
 r
ea
ct
o
r 
    
V
en
ta
ja
s 
La generación de 
radicales hidroxilo 
altamente reactivos 
Fe
2+
 + H2O2 → Fe
3+
 + HO
•
 
+ OH
- 
La corriente eléctrica induce 
reacciones redox que degradan 
los contaminantes 
Generación in situ de H2O2 y 
regeneración del Fe
2+ 
O2 + 2 H
+
 + 2 e
-
 → H2O2 
Fe
3+
 + e
-
 → Fe
2+ 
In
co
n
ve
n
ie
n
te
s 
Inestabilidad del H2O2 y 
generación de un lodo 
En algunos casos los niveles de 
degradación que se alcanzan son 
limitados 
Adición de catalizador en 
sistemas en continuo 
 
Los procesos electro-Fenton poseen, además, la ventaja de evitar la continua adición de H2O2, 
un compuesto inestable y peligroso. Hay numerosos estudios que han concluido que el 
proceso electro-Fenton es más eficiente, económico y respetuoso con el medio ambiente para 
la eliminación de contaminantes orgánicos que los métodos tradicionales (Brillas, et al., 2009; 
Dirany, et al., 2011; Méndez-Martínez, et al., 2012; Panizza and Oturan, 2011; Ruiz, et al., 
2011; Özcan, et al., 2009). Esta técnica ha sido empleada con éxito para la eliminación de 
efluentes contaminados con diferentes tipos de tintes (Garcia-Segura, et al., 2011; Murati, et 
al., 2012; Panizza and Cerisola, 2009) y pesticidas (Abdessalem, et al., 2010a; Abdessalem, et 
al., 2010b; Zhao, et al., 2012).  
Uno de los principales inconvenientes del tratamiento electro-Fenton es que su uso en 
sistemas que trabajan en continuo requiere una continua adición del catalizador (Hartmann, et 
al., 2010; Navalon, et al., 2010). La solución más sencilla pasa por retener el catalizador en un 
soporte, para lo cual es necesario estudiar la inmovilización o adsorción del catalizador en 
distintos soportes, orgánicos o inorgánicos. La inmovilización del hierro en perlas de matriz 
biopolimérica es una opción económica y efectiva (Dong, et al., 2011). Por otro lado existen 
compuestos inorgánicos como las arcillas sepiolita y zeolita, con conocida capacidad para 
adsorber metales (Kocaoba, 2009; Padilla-Ortega, et al., 2011). Dichas opciones serán 
consideradas en los estudios realizados en la Tesis como mejora del proceso electro-Fenton. 
  
TRATAMIENTOS AVANZADOS PARA LA DESCONTAMINACIÓN DE SEDIMENTOS MARINOS 
Y EFLUENTES CONTAMINADOS  
 INTRODUCCIÓN             
1.10 
 
1.3. TRATAMIENTO DE SEDIMENTOS MARINOS 
Los sedimentos marinos contaminados son frecuentemente dragados por razones de aumento 
de calado en puertos, operaciones costeras ingenieriles, etc. Normalmente los grandes 
volúmenes extraídos se acumulan en las zonas portuarias sin poder ser empleados con ningún 
fin debido a la presencia de contaminantes. Este material requiere un tratamiento para poder 
ser depositado sin que presente ningún riesgo ambiental y que, a su vez, lo haga apto para 
convertirse en materia prima para otros procesos. Las recomendaciones del CEDEX (1994) 
establecen los niveles de acción a los que los sedimentos dragados pertenecen según los 
valores de concentración de diversos contaminantes, así cada nivel de acción se asocia a un 
nivel de contaminación y al libre vertido o confinamiento del sedimento.  
Las tecnologías que se pueden aplicar para remediar este tipo de material son muy semejantes 
a tratamientos existentes para suelos contaminados: métodos físico-químicos, métodos 
biológicos, y métodos térmicos como se puede ver en la Fig. 1.6. 
 
Fig. 1.6. Clasificación de los distintos tipos de tratamientos aplicables a suelo o sedimentos. 
Tratamientos de 
sedimentos
Físicos-Químicos
Estabilización/ 
Inmovilización
Extracción
Lavado
Flushing
Electrocinética
Adición de 
enmiendas
Biológicos
Biodegradación 
asistida
Fitorrecuperación
Landfarming
Térmico
Incineración
Desorción Térmica
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Los tratamientos físico-químicos incluyen: 
- La estabilización o inmovilización de los contaminantes, que pese a no eliminarlos 
se mantienen no biodisponibles (Mamindy-Pajany, et al., 2013a; Mamindy-Pajany, 
et al., 2013b). 
- Las técnicas de extracción, que separan los contaminantes del suelo para su 
posterior tratamiento (Anitescu and Tavlarides, 2006; USEPA, 1990). 
- El lavado, en el cual el material es previamente separado físicamente para luego 
realizar una extracción con agentes extractantes (Rosas, et al., 2013; Yoo, et al., 
2013; Yuan, et al., 2010; Lesa, et al., 2009; Dermont, et al., 2008; Zhang, et al., 
2008). 
- El flushing es un tratamiento in situ que consiste en anegar los suelos 
contaminados con una solución que transporte los contaminantes a una zona 
determinada y localizada donde puedan ser eliminados (Son, et al., 2003; 
Johnston, et al., 2002; Boulding, 1996;). 
- Las técnicas electrocinéticas consisten en la aplicación de una corriente eléctrica 
de baja intensidad para la movilización de los contaminantes con el flujo electro-
osmótico (Pazos, et al., 2006; Acar and Alshawabkeh, 1993). 
- La adición de enmiendas, que radica en añadir sustancias orgánicas e inorgánicas 
para mezclarlas con el material contaminado (Mamindy-Pajany, et al., 2013b; 
Paller and Knox, 2010). 
Los tratamientos biológicos son aquellos que degradan contaminantes orgánicos o disminuyen 
la toxicidad de otros contaminantes inorgánicos como metales tóxicos a través de la actividad 
biológica natural, principalmente la de los microorganismos, mediante reacciones que forman 
parte de sus procesos metabólicos. Entre ellos se encuentran:  
- La biodegradación asistida, en la que microorganismos indígenas o inoculados 
(bacterias y hongos) metabolizan los contaminantes orgánicos convirtiéndolos en 
productos finales inocuos (Wang and Tam, 2012; Mohajeri, et al., 2010; Tang, et 
al., 2006). 
- La fitorremediación, que utiliza la capacidad de ciertas especies vegetales para 
sobrevivir en ambientes contaminados con metales pesados y sustancias 
orgánicas y a la vez extraer, acumular e inmovilizar o transformar los estos 
contaminantes (Moreira, et al., 2013; Moscoso, et al., 2012; Huesemann, et al., 
2009; Yamamoto, et al., 2008). 
- El landfarming, un tratamiento de recuperación biológica que reduce la 
concentración de hidrocarburos del petróleo de peso mediano que son 
degradados por microorganismos (Oudot, et al., 1989). 
Finalmente los tratamientos térmicos volatilizan y destruyen los contaminantes a altas 
temperaturas (Careghini, et al., 2010). La incineración somete al suelo a elevadas 
temperaturas, alrededor de 1000ºC, con el fin de oxidar y volatilizar los compuestos orgánicos 
contaminantes (Agostini, et al., 2007; Zoubeir, et al., 2007), mientras que la desorción térmica 
somete al suelo a temperaturas más bajas (90-320 ºC) para conseguir la desorción en vez de la 
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destrucción de los contaminantes que persigue la incineración ( Chang and Yen, 2006; Araruna 
Jr., et al., 2004; Piña, et al., 2002; Risoul, et al., 2002; USEPA, 1994). 
La Tabla 1.3 resume las principales aplicaciones de los tratamientos que aparecen en la Fig. 1.6 
en la remediación de suelos o sedimentos contaminados, incluyendo los contaminantes 
degradados en cada caso y referencias de trabajos publicados en las que estos procesos han 
sido estudiados. 
Tabla 1.3. Tratamientos para la descontaminación de suelos o sedimentos 
Tipo de 
tratamiento 
Tratamiento Contaminantes Bibliografía 
 
Tratamientos   
Físico-
químicos 
 
Estabilización/ 
Inmovilización 
Metales 
Mamindy-Pajany, et al., 
2013a; Mamindy-Pajany, et 
al., 2013b 
Extracción 
PCBs, Compuestos orgánicos 
volátiles, disolventes halogenados, 
hidrocarburos derivados del 
petróleo, compuestos 
organometálicos 
Anitescu and Tavlarides, 
2006; USEPA, 1990 
Lavado 
Compuestos orgánicos 
semivolátiles, hidrocarburos 
derivados del petróleo, cianuros, 
metales pesados 
Dermont, et al., 2008; Lesa, 
et al., 2009; Yoo, et al., 
2013; Yuan, et al., 2010; 
Zhang, et al., 2008 
Flushing 
Todo tipo de contaminantes, 
principalmente inorgánicos 
Boulding, 1996; Johnston, 
et al., 2002; Son, et al., 2003 
Electrocinética 
Especialmente metales solubles o 
complejados 
Pazos, et al., 2006; Acar and 
Alshawabkeh, 1993 
Adición de 
enmiendas 
Sales y metales 
fundamentalmente 
Mamindy-Pajany, et al., 
2013b; Paller and Knox, 
2010 
Biológicos 
 
 
 
 
Biodegradación 
asistida 
Compuestos orgánicos 
Mohajeri, et al., 2010; Tang, 
et al., 2006; Wang and Tam, 
2012 
Fitorremediación 
Metales, pesticidas, solventes, 
explosivos, HAPs, crudo 
Huesemann, et al., 2009; 
Moreira, et al., 2013; 
Moscoso, et al., 2012; 
Yamamoto, et al., 2008 
Landfarming 
Hidrocarburos de petróleo de peso 
mediano 
Oudot, et al., 1989 
Térmicos 
 
Incineración 
Explosivos, hidrocarburos 
clorados, BPCs, dioxinas 
Agostini, et al., 2007; 
Zoubeir, et al., 2007 
Desorción 
Térmica 
Compuestos orgánicos volátiles no 
halogenados, combustibles, HAPs, 
BPCs, pesticidas 
Araruna Jr., et al., 2004; 
Chang and Yen, 2006; Piña, 
et al., 2002; Risoul, et al., 
2002; USEPA, 1994 
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El sedimento marino se caracteriza por una baja permeabilidad, alto contenido en sal, alto 
contenido en materia orgánica y agua, así como la presencia de contaminantes orgánicos e 
inorgánicos, lo que dificulta el uso de técnicas convencionales de remediación. Sin embargo su 
alta conductividad eléctrica le confiere características óptimas para su uso en técnicas de 
remediación electrocinéticas.  
Las técnicas electrocinéticas consisten en la aplicación de una corriente eléctrica de baja 
intensidad entre electrodos, lo que permite la movilización de agua, iones y partículas 
pequeñas cargadas. Los aniones se mueven hacia el electrodo positivo y los cationes hacia el 
negativo. La oxidación del agua en el ánodo genera protones, H+, que se mueven hacia el 
cátodo creando un frente ácido. Esto favorece la desorción de los cationes del suelo y origina 
disolución de contaminantes precipitados como carbonatos, hidróxidos, etc. Por otro lado, los 
iones OH- generados en el cátodo por la reducción del agua provocan la precipitación de los 
metales (Pazos, et al., 2006). Durante el tratamiento, los contaminantes pueden ser 
transportados por electromigración (movimiento de iones hacia el electrodo de carga 
opuesta), electroósmosis (movimiento del agua respecto a la superficie cargada de las 
partículas del suelo), electrolisis (movimiento de iones como respuesta a una diferencia de 
potencial) y electroforesis (desplazamiento iónico en suspensión) (Acar and Alshawabkeh, 
1993). 
Las técnicas electrocinéticas presentan numerosas ventajas para el tratamiento de este 
material, como son la capacidad de tratar materiales finos y con baja permeabilidad, 
consiguiendo su consolidación, pérdida de agua y eliminación de sales y contaminantes 
inorgánicos (Pazos, et al., 2009). La aplicación de esta tecnología para la eliminación de 
metales ha sido ampliamente estudiada (Al-Hamdan and Reddy, 2008; Kim, et al., 2009; Pazos, 
et al., 2009; Vengris, et al., 2001). En los últimos años también se ha probado su eficacia para 
el tratamiento de suelos, lodos y sedimentos contaminados con HAPs, fenol, organoclorados, 
tricloroeteno y tetracloroeteno, benceno, tolueno, etilbenceno y xilenos y tintes (Alcántara, et 
al., 2008; Gómez, et al., 2009; Kim, et al., 2000; Maturi and Reddy, 2006; Pazos, et al., 2008; 
Pazos, et al., 2010; Saichek and Reddy, 2003a; Saichek and Reddy, 2003b; Yang and Liu, 2001). 
Para aumentar la eliminación de contaminantes orgánicos se puede acoplar el tratamiento 
electrocinético convencional con el tratamiento Fenton. Para ello se añade H2O2 en las 
cámaras de los electrodos y hierro, aunque si el sedimento marino contiene altas 
concentraciones del mismo, su adicción no será necesaria. El peróxido de hidrógeno aplicado 
se descompone en el interior del suelo por la acción de Fe2+ a pH ácido y genera radicales 
hidroxilo capaces de oxidar los compuestos orgánicos. Esta tectología híbrida se conoce como 
electrocinética-Fenton y ha sido previamente estudiada con éxito (Kim, et al., 2006; Kim, et al., 
2007; Kim, et al., 2005; Oonnittan, et al., 2009; Oonnittan, et al., 2010; Park and Kim, 2011). 
Por otro lado, el proceso también puede verse mejorado con la aplicación de agentes 
solubilizantes que permitan el paso de los contaminantes a la fase acuosa, con la que se 
desplazan y donde es más fácil su degradación (Rosas, et al., 2011; Rosas, et al., 2013). El uso 
de dichos compuestos ha de ser lo más respetuoso con el medio ambiente sin perder su 
capacidad extractora. Por ello en esta Tesis se evaluarán diversos surfactantes y sus 
combinaciones para que faciliten el tratamiento electroquímico de sedimentos marinos 
contaminados con contaminantes orgánicos hidrófobos. 
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El rápido avance industrial de la sociedad de hoy en día conlleva la generación de nuevos 
compuestos que se liberan al medio, muchos de los cuales son complejos, tóxicos y difíciles de 
tratar. Las técnicas de descontaminación actualmente empleadas no son capaces solucionar 
dicha problemática. Es por ello, que se hace necesaria la búsqueda de tecnologías que 
permitan mejorar su eliminación de forma eficaz, con bajo coste y sin producir ningún tipo de 
contaminación secundaria. Debido a que la presencia de estos compuestos en el medio 
ambiente puede encontrarse en suelos y sedimentos o en aguas naturales, se requiere del 
desarrollo de nuevas técnicas de tratamiento capaces de ser aplicadas en diversos medios 
como respuesta a esta necesidad real derivada de la actividad humana. 
Es de particular importancia el caso de los sedimentos marinos, que reciben los contaminantes 
provenientes de los ríos, los aportes costeros y atmosféricos. Además son el destino final de 
aquellos compuestos que se filtran en el suelo y que son arrastrados por la escorrentía. La alta 
actividad costera, tanto con fines pesqueros como instalaciones de infraestructuras y 
operaciones de dragado, convierte a este receptor final de la contaminación en una fuente 
potencial de compuestos con riesgos medioambientales asociados. El correcto tratamiento de 
este material es imprescindible, sin embargo actualmente no se dispone de técnicas que 
solucionen el problema y éstas deben estudiarse con detenimiento. Por otra parte, la actividad 
industrial genera anualmente elevados volúmenes de efluentes coloreados y otros 
compuestos recalcitrantes que requieren ser tratados. Además, la mejora en las tecnologías 
analíticas de detección y caracterización de compuestos químicos ha permitido identificar 
sustancias anteriormente no detectadas o no presentes, conocidas como contaminantes 
emergentes, que generan graves implicaciones medioambientales y cuya eliminación necesita 
ser evaluada.  
En este contexto, el objetivo principal de esta Tesis es el estudio de nuevas técnicas de 
eliminación de contaminantes, tanto de efluentes como de sedimentos marinos. Para este fin 
se aplicarán y desarrollarán distintos tratamientos de oxidación avanzada (electroquímicos y 
electro-Fenton) para la descontaminación de efluentes y sedimentos marinos con altos 
contenidos de contaminantes orgánicos, optimizando las variables y buscando nuevos 
soportes para el catalizador de bajo coste y medioambientalmente respetuosos. Por otro lado, 
se aplicarán métodos electrocinéticos para el tratamiento de sedimentos marinos con 
contaminación orgánica e inorgánica mejorando el paso de los contaminantes a la fase acuosa, 
en donde serán degradados o transportados a las cámaras de los electrodos por la acción del 
campo eléctrico. 
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Para alcanzar este objetivo se han planteado una serie de objetivos específicos que se 
citan a continuación: 
i. Desarrollo de un catalizador de Fe inmovilizado en perlas de alginato, para su 
aplicación en el tratamiento electro-Fenton de efluentes. Inicialmente, se 
analizará su eficacia frente al uso de Fe libre y frente al tratamiento 
electroquímico convencional, en ambos casos, para la descontaminación de 
efluentes coloreados. Posteriormente, se optimizarán los parámetros 
principales (voltaje, pH y concentración de Fe) para obtener una mayor 
degradación, una reducción del carbono orgánico y del consumo eléctrico. Una 
vez realizado el estudio en varios ciclos se analizará su viabilidad en un sistema 
en continuo con distintas configuraciones de reactores. Finalmente se aplicará 
el proceso a un contaminante emergente, en este caso un pesticida. 
ii. Evaluación del tratamiento de efluentes mediante la técnica electro-Fenton 
con Fe inmovilizado en soportes inorgánicos. Para ello se analizará la adsorción 
de Fe en las arcillas sepiolita y zeolita. Se estudiará en detalle el fenómeno de 
la adsorción de Fe mediante el análisis cinético y de las isotermas. Se evaluará 
el efecto del pH y la reutilización de la sepiolita como soporte del catalizador, 
mediante experimentos en ciclos sucesivos. 
iii. Estudio de la eliminación de contaminantes orgánicos e inorgánicos en 
sedimentos marinos con tratamientos electroquímicos. Se aplicará el 
tratamiento electrocinético a sedimentos marinos y se realizará un estudio 
comparativo de los sistemas convencionales y el electrocinético-Fenton. En 
ambos casos se evaluará la adición de diversos agentes solubilizantes que 
faciliten la extracción a la fase acuosa de los compuestos y se determinará el 
efecto de variables clave como el pH, la capacidad tampón del sedimento, 
voltaje,... 
iv. Estudio de la aplicación de biosurfactantes para la solubilización de los 
compuestos orgánicos presentes en los sedimentos. Con objeto de reducir al 
máximo el empleo de surfactantes típicos como el Tween 80, se analizarán 
diversos surfactantes, entre ellos el biosurfactante Saponin, así como la mezcla 
de surfactantes, con objeto de mejorar la solubilidad de los compuestos 
orgánicos y disminuir los riesgos medioambientales que se pueden originar 
debido a la permanencia de los surfactantes en el sedimento tras su utilización 
en los procesos de remediación planteados en la presente Tesis. Por último se 
evaluará la posible interferencia que la presencia de este biosurfactante puede 
ejercer en los tratamientos electroquímicos. 
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The fast industrial development of our society involves the generation of new compounds that 
are released to the environment, many of which are complex and difficult to treat. The 
decontamination techniques that are currently used are not capable to solve this problem. 
That is why it is necessary to search for technologies to improve disposal efficiently, at low cost 
and without producing any secondary pollution. These pollutants can be found in soils and 
sediments or in waters. The development of new processing techniques capable of being used 
in different environments is required in response to this actual problem derived from human 
activity.  
Marine sediments are of particular importance because they receive pollutants from rivers and 
from coastal and atmospheric inputs. They are the final destination of those compounds that 
leach into the soil and are carried by runoff. The high coastal activity, both for fishing and 
infrastructure facilities or dredging operations, makes polluted marine sediments a potential 
source of compounds that present environmental risks. It is essential to carry out a correct 
treatment of this material; however, nowadays there are not efficient techniques to solve this 
problem, therefore this issue should be carefully considered. Moreover, industrial activities 
generate high volumes of colored effluents and other recalcitrant compounds that need to be 
treated. Furthermore, the improvement on the characterization and the detention limits of 
analytical technologies allows the identification and quantification of chemical substances 
previously undetected or not present, and that are known as emerging pollutants. Therefore 
these substances involve serious environmental implications that demand the evaluation of 
new technologies. 
In this context, the main objective of this PhD Thesis is the study of new techniques for the 
removal of pollutants from effluents and marine sediments. For this purpose, several advanced 
oxidation treatments for decontaminating effluents and marine sediments with high contents 
of organic contaminants are used (electrochemical and electro-Fenton). Main variables are 
optimized and new low cost and environmentally friendly supports for the catalyst are 
searched. Furthermore, electrokinetic methods are carried out for the treatment of marine 
sediments with organic and inorganic pollution, improving the passage of pollutants to the 
aqueous phase, where they will be degraded or transported to the electrode chambers by the 
electrical field.  
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In order to reach this target, several specific objectives have been proposed and are quoted 
below: 
i. The development of an immobilized Fe catalyst capable of being used in the 
electro-Fenton treatment of effluents. Initially, its effectiveness will be 
analysed for the decontamination of colored effluents and it will be compared 
with the electro-Fenton treatment with free Fe and with the conventional 
electrochemical treatment. Then, main parameters (voltage, pH and 
concentration of Fe) will be optimized for increasing the degradation and 
reducing the remaining organic carbon and the electricity consumption. Once 
the study in several batches is analysed, its viability in a continuous system 
with different reactor configurations will be studied. Finally the process will be 
applied to an emergent pollutant, in this case a pesticide. 
ii. The evaluation of the electro-Fenton treatment of effluents with the catalyst 
immobilised in an inorganic support. For this purpose, the Fe adsorption in 
Sepiolite and Zeolite will be analyzed. The kinetics and isotherms of Fe 
adsorption will be carefully studied. The effect of solution pH and the reuse of 
Fe loaded Sepiolite in several batches will be evaluated.  
iii. The study of electrochemical treatments on marine sediments containing 
organic and inorganic pollutants. The electrokinetic and electrokinetic-Fenton 
treatments will be compared. The addition of different solubilizing agents will 
be evaluated in order to increase the extraction of pollutants from the soil 
matrix to the aqueous phase and the effect of several key parameters such as 
pH, buffer capacity, voltage, etc will be analyzed.  
iv. The study of using biosurfactants on the solubilization of organic compounds 
present on sediments. For reducing the use of typical surfactants such as 
Tween 80, several surfactants, like the biosurfactant Saponin, and their 
mixtures will be analyzed. The main target is to increase the organic 
compounds solubility and to reduce the environmental risks that surfactants 
produce when they remain in the soil after being used in the remediation 
techniques proposed in this PhD Thesis. Finally, the possible interferences of 
this biosurfactant on electrochemical processes will be assessed.  
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Esta Tesis se presenta por compendio de artículos. Todos ellos siguen una línea de trabajo 
diseñada para alcanzar los objetivos establecidos y cuyo plan de trabajo aparece 
esquematizado en la Fig. 3.1. 
 
Fig. 3.1. Plan de trabajo desarrollado para alcanzar los objetivos de la Tesis. 
La Tesis se puede dividir en dos apartados claramente diferenciados:  
− Tratamiento de efluentes contaminados por tintes y pesticidas  
− Tratamiento de sedimentos marinos contaminados.  
En el primero se ha estudiado la optimización del proceso electro-Fenton mediante el uso de 
soportes con el catalizador Fe, obtenidos por procesos de inmovilización del Fe en geles de 
alginato (Arts. 1-4) y por adsorción de Fe en sepiolita (Art. 5).  
Para el tratamiento de los sedimentos marinos se han aplicado técnicas electrocinéticas y se 
ha acoplado un sistema Fenton (Art. 6). Además, se ha estudiado la optimización del uso de 
surfactantes medioambientalmente respetuosos para la degradación electroquímica de 
contaminantes orgánicos hidrófobos en sedimentos marinos (Art. 7). 
A continuación se presenta una breve descripción del trabajo realizado en cada una de las 
publicaciones para comprender de forma más sencilla las direcciones que la investigación ha 
ido tomando en el periodo de realización de esta Tesis doctoral. 
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3.1. TRATAMIENTO DE EFLUENTES CONTAMINADOS 
3.1.1. TRATAMIENTO ELECTRO-FENTON CON EL CATALIZADOR FE EN SOPORTE ORGÁNICO 
Art. 1. Decolourisation of dyes under electro-Fenton process using Fe alginate gel beads 
En este artículo se ha estudiado el uso de las perlas de alginato con Fe (Fe-Alginato) como 
catalizadoras del proceso electro-Fenton para el tratamiento de los tintes Lissamine Green B y 
Azure B. Se ha trabajado a distintos valores de pH, ya que es un parámetro limitante de la 
reacción Fenton, y se ha comparado la oxidación de los tintes alcanzada con el Fe inmovilizado 
y libre. Por último y con objeto de evaluar la estabilidad del sistema se realizó el proceso en 
ciclos sucesivos y en un reactor en continuo. 
Art. 2. Optimisation of decolourisation and degradation of Reactive Black 5 dye under 
electro-Fenton process using Fe alginate gel beads 
Comprobada la aplicabilidad del Fe-Alginato como catalizador del proceso electro-Fenton, se 
procedió a la optimización de la oxidación del tinte Reactive Black 5.  
Los parámetros optimizados en este trabajo, y que influyen en el proceso de degradación de 
contaminantes orgánicos en un tratamiento electro-Fenton, fueron la concentración de Fe, el 
pH y el voltaje. Para ello se utilizó una matriz de diseño (CCF) “central compuesto centrado en 
las caras”, 2
3
, y la metodología de respuesta en superficie. Como parámetro de respuesta se 
evaluó la eficacia en la decoloración, el carbono orgánico disuelto (COD) y el consumo de 
energía por masa de tinte decolorado. 
Art. 3. Electro-Fenton decolourisation of dyes in an Airlift continuous reactor using iron 
alginate beads 
Tras los satisfactorios resultados obtenidos mediante el empleo del proceso electro-Fenton 
con Fe-Alginato, se diseñó un reactor electro-Fenton utilizando Fe-Alginato, para operar en 
continuo basado en la configuración de los reactores Airlift. 
Se estudiaron los tintes Lissamine Green B y Reactive Black 5. En este caso se evaluó el efecto 
del pH del medio y el voltaje aplicado. Para examinar la influencia del tiempo de tratamiento 
en la actividad y la estabilidad de la acción catalítica del Fe-Alginato para el tratamiento de los 
tintes, se evaluaron los perfiles de decoloración operando a distintos tiempos de residencia. 
Además, a partir de los datos cinéticos del proceso y el modelo hidrodinámico del reactor, se 
realizó la modelización del reactor Airlift diseñado para el proceso electro-Fenton. 
Art. 4. Electro-Fenton oxidation of imidacloprid by Fe alginate gel beads 
Tras haber realizado el estudio de la oxidación de tintes, en este artículo se analizó la eficacia 
del tratamiento electro-Fenton con Fe-Alginato para la degradación del pesticida imidacloprid. 
Al igual que se hizo en el caso de los tintes, se estudió el efecto del pH y el tratamiento fue 
comparado no solo con el tratamiento electro-Fenton con Fe libre, sino también con el 
tratamiento electroquímico. Finalmente, se realizó un tratamiento en continuo, donde se 
evaluaron distintos tiempos de residencia.  
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En este caso se estudiaron los compuestos intermedios de la degradación para un mejor 
conocimiento de la descomposición de la molécula de imidacloprid, diseñando una posible 
ruta de degradación.  
3.1.2. ELECTRO-FENTON CON EL CATALIZADOR FE EN SOPORTES INORGÁNICOS 
Art. 5. Using iron-loaded sepiolite obtained by adsorption as a catalyst in the electro-Fenton 
oxidation of Reactive Black 5 
Se estudió el uso de la sepiolita como material adsorbente de efluentes contaminados con Fe y 
además la aplicación del producto Fe-Sepiolita como catalizador del proceso Electro-Fenton. 
La adsorción del Fe en la sepiolita fue estudiada con las isotermas y las cinéticas de adsorción, 
realizando la modelización del proceso y la caracterización del material. Tras comprobar la 
fijación del Fe en la sepiolita, se procedió al estudio del tratamiento electro-Fenton con Fe-
Sepiolita, evaluando el efecto de diversas variables así como su estabilidad a lo largo de 
diversos ciclos sucesivos. 
3.2. TRATAMIENTO DE SEDIMENTOS MARINOS CONTAMINADOS 
Art. 6. Remediation of contaminated marine sediment using electrokinetic-Fenton 
technology 
Se aplicó el tratamiento electrocinético a sedimentos marinos con altos contenidos de metales 
(Fe, Zn, Pb, Cu y Hg) e hidrocarburos totales de petróleo (HTPs). Para evitar la precipitación de 
metales y favorecer el transporte de los contaminantes con el flujo electro-osmótico se evaluó 
el efecto de la adición de agentes quelantes y el control del pH en las cámaras electrolíticas. 
Paralelamente, y con objeto de lograr la degradación in situ de los compuestos orgánicos, se 
desarrolló un sistema electrocinético-Fenton, en el cual se incluyó al sistema el peróxido de 
hidrógeno mediante las cámaras de los electrodos y se utilizó el Fe presente en el sedimento 
contaminado.  
Art. 7. Surfactant-enhanced solubilization and simultaneous degradation of phenantrene in 
marine sediment by electrochemical treatment 
Dado que muchos contaminantes orgánicos son hidrófobos y su eliminación de la matriz sólida 
es muy compleja, se estudió el uso de surfactantes sintéticos y de origen biológico para 
mejorar el proceso mediante la minimización del impacto que estos pueden generar en el 
medioambiente.  
Inicialmente, se realizó la caracterización de diversos surfactantes y sus mezclas, mediante el 
cálculo de la concentración micelar crítica (CMC) así como el efecto de variables como el pH y 
la concentración de sales presentes en el medio. Posteriormente, se analizó el efecto en la 
solubilidad del hidrocarburo aromático policíclico (HAP), fenantreno, con las mezclas de 
surfactantes que mejores valores de CMC presentan. Finalmente, y con objeto de comprobar 
su aplicación en los tratamientos desarrollados en la presente Tesis, se llevó a cabo un 
tratamiento electroquímico de un sedimento marino contaminado con el hidrocarburo, cuyos 
resultados se compararon con los de un tratamiento electroquímico convencional.  
ADVANCED TREATMENTS FOR MARINE SEDIMENTS AND POLLUTED WASTEWATERS  
DECONTAMINATION  
                               ORGANIZATION 
3.6 
 
This PhD Thesis is done by compendium of articles. All of them follow a line of work designed 
to achieve the objectives and whose working plan is schematized in Fig. 3.1. 
 
Fig. 3.1. Working plan carried out for achieving the objectives of this PhD Thesis. 
The PhD Thesis can be divided in two distinct sections: 
− Treatment of dye and pesticide polluted effluents. 
− Treatment of polluted marine sediments.  
The first section deals with the optimization of the electro-Fenton process using supports for 
the Fe catalyst, obtained by an immobilization processes in alginate gels (Art. 1-4) and by Fe 
adsorption into sepiolite (Art . 5). 
Electrokinetic techniques and electrokinetic techniques coupled with the Fenton system were 
carried out for the remediation of marine sediments (Art. 6). Furthermore, the optimization of 
the use of environmentally friendly biosurfactants was evaluated for the electrochemical 
degradation of hydrophobic organic pollutants on marine sediments (Art. 7).   
Bellow there is a brief description of the work done in each one of the publications in order to 
easily understand the directions that the investigation has been taking in the period of 
realization of this PhD Thesis. 
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3.1. TREATMENT OF POLLUTED WASTEWATER  
3.1.1. ELECTRO-FENTON TREATMENT WITH FE CATALYST IN ORGANIC SUPPORTS 
Art. 1. Decolourisation of dyes under electro-Fenton process using Fe alginate gel beads 
This article has studied the use of alginate gel beads with Fe (Fe-Alginate) in the electro-Fenton 
process for the treatment of the dyes Lissamine Green B and Azure B. The process was carried 
out at different pH values, which is a limiting parameter for the Fenton reaction, and 
compared with the oxidation attained with free Fe. Finally, in order to evaluate the stability of 
this system, the process was done in successive batches and in a continuous mode. 
Art. 2. Optimisation of decolorisation and degradation of Reactive Black 5 dye under electro-
Fenton process using Fe alginate gel beads 
Once the applicability of the Fe-Alginate in the electro-Fenton process was demonstrated, the 
optimization of the oxidation of the dye Reactive Black 5 was done. 
The optimized parameters in this work, that influence the degradation of organic pollutants in 
an electro-Fenton process, were Fe concentration, pH and voltage. A "central composite face-
centered"(CCF), 2
3
, design matrix and a surface response methodology were used. The 
response parameter evaluated were the decolorisation efficacy, the dissolved organic carbon 
(DOC) and the energy consumption per mass of decolorized dye. 
Art. 3. Electro-Fenton decolourisation of dyes in an Airlift continuous reactor using iron 
alginate beads 
After the satisfactory results obtained by using the electro-Fenton process with Fe-Alginate, an 
electro-Fenton reactor was designed. It was used to operate in continuous mode and based on 
the configuration of Airlift reactors. 
The studied dyes were Lissamine Green B and Reactive Black 5. In this case, the effect of pH 
and voltage were evaluated. In order to examine the influence of the treatment time on the 
activity and stability of the catalytic action of Fe-Alginate for the treatment of dyes, the 
decolorisation profiles were evaluated operating at different residence times. Furthermore, 
from the kinetic data of the process and the hydrodynamic model of the reactor, the Airlift 
reactor designed to the electro-Fenton process was modeled. 
Art. 4. Electro-Fenton oxidation of imidacloprid by Fe alginate gel beads 
After the study done on dyes, this article analysed the efficacy of the electro-Fenton treatment 
with Fe-alginate for the degradation of the pesticide imidacloprid. As was previously done in 
the evaluation of the oxidation of dyes, the effect of pH and the comparison of electro-Fenton 
treatment with Fe-Alginate to the electro-Fenton treatment with free Fe and to the 
electrochemical treatment were carried out. Finally, a continuous treatment at various 
residence times was evaluated.  
The degradation intermediates were identified for a better understanding of the 
decomposition of the imidacloprid molecule, designing a possible degradation pathway. 
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3.1.2. ELECTRO-FENTON WITH FE CATALYST IN INORGANIC SUPPORTS 
Art. 5. Using iron-loaded sepiolite obtained by adsorption as a catalyst in the electro-Fenton 
oxidation of Reactive Black 5 
The use of sepiolite as adsorbent material for Fe polluted effluents and the use of the obtained 
Fe-Sepiolite as catalyst for the electro-Fenton process were studied. 
Kinetics and isotherms of Fe adsorption were analysed, modeled and the material was 
characterized. After the correct immobilization of Fe into the sepiolite, an electro-Fenton 
treatment with Fe-Sepiolite was carried out. The effect of different variables and its stability 
with the treatment time in several successive batches was assessed.  
3.2. TREATMENT OF POLLUTED MARINE SEDIMENTS  
Art. 6. Remediation of contaminated marine sediment using electrokinetic-Fenton 
technology 
An electrokinetic treatment was applied to marine sediments with high contents of metals (Fe, 
Zn, Pb, Cu and Hg) and total petroleum hydrocarbons (TPHs). The effect of the addition of 
chelating agents, and the pH control in the electrolytic chambers were analysed in order to 
avoid the precipitation of metals and enable the transport of pollutants with the electro-
osmotic flow. An electrokinetic-Fenton treatment was carried out in parallel, in order to 
achieve the in situ degradation of organic compounds; it included the addition of hydrogen 
peroxide in the electrodes chambers and the use of the high Fe content of the sediment. 
Art. 7. Surfactant-enhanced solubilization and simultaneous degradation of phenantrene in 
marine sediment by electrochemical treatment 
As many organic pollutants are hydrophobic and their removal from the solid matrix is very 
complex, the use of synthetic and biological surfactants was studied to improve the process by 
minimizing the impact that they can generate in the environment. 
Initially, various surfactants and their mixtures were characterized by calculating the critical 
micelle concentration (CMC) and the effect of variables such as pH and salt concentration 
present in the medium. Subsequently, the effect on the solubility of the polycyclic aromatic 
hydrocarbon (PAH), phenanthrene, with mixtures of surfactants that exhibited better CMC 
results, was analysed. Finally, in order to check their application on the treatments developed 
in this PhD Thesis, an electrochemical treatment of marine sediment contaminated with 
hydrocarbons was conducted and the results were compared with a conventional 
electrochemical treatment. 
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This  study  focuses  on the  application  of  electro-Fenton  technique  by use  of catalytic  activity  of  Fe  alginate
gel  beads  for  the  remediation  of  wastewater  contaminated  with  synthetic  dyes.  The  Fe  alginate  gel  beads
were  evaluated  for decolourisation  of two  typical  dyes,  Lissamine  Green  B and  Azure  B under  electro-
Fenton  process.
After characterization  of  Fe  alginate  gel  beads,  the  pH  effect  on  the  process  with  Fe  alginate  beads  and  a
comparative  study  of  the electro-Fenton  process  with  free  Fe  and  Fe  alginate  bead  was  done.  The results
showed  that  the use  of  Fe  alginate  beads  increases  the  efﬁciency  of the  process;  moreover  the developed
particles  show  a physical  integrity  in  a wide  range  of  pH  (2–8).  Around  98–100%  of  dye  decolourisa-lectro-Fenton treatment
e  alginate beads
issamine  Green B
tion  was  obtained  for  both  dyes  by electro-Fenton  process  in  successive  batches.  Therefore,  the  process
was  performed  with  Fe  alginate  beads  in a bubble  continuous  reactor.  High  color  removal  (87–98%)  was
attained  for  both  dyes  operating  at a residence  time  of  30 min,  without  operational  problems  and  main-
taining  particle  shapes  throughout  the  oxidation  process.  Consequently,  the  stable  performance  of  Fe
alginate  beads  opens  promising  perspectives  for fast  and  economical  treatment  of wastewater  polluted
by  dyes  or similar  organic  contaminants.. Introduction
In recent years, more efﬁcient and non-selective techniques
ike advanced oxidation processes (AOPs), offer effective and rapid
lternative treatments for various contaminants [1]. The AOPs
re based on the in situ generation of hydroxyl radicals (•OH), a
ighly powerful oxidizing agent, and are effective in treatment
f persistent organic pollutants in aqueous solutions until their
verall mineralization [2]. Among the most promising AOPs for
astewater treatment, Fenton reaction with hydrogen peroxide
nd transitional metals, especially the ferrous ion, in an acidic aque-
us system is particularly attractive and has been investigated in
umerous studies [3].
Several  studies demonstrated that one of the main drawbacks
f Fenton treatment relies on the instability of H2O2 when it
ets in touch with chemical species that are naturally in the
nvironment [4,5]. To solve this problem, some research groups
ave reported that electro-Fenton oxidation offers signiﬁcant
dvantages, without requirement for special equipment, and high
fﬁciency in organic pollutants removal [6,7]. Electro-Fenton pro-
ess is a promising technology that combines electrochemical
eactions and Fenton process. In this hybrid process, the electri-
al current induces the reduction of ferric ions to form ferrous ions
∗ Corresponding author. Tel.: +34 986 812383; fax: +34 986 812380.
E-mail  address: sanroman@uvigo.es (M.A. Sanromán).
304-3894/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2012.02.005© 2012 Elsevier B.V. All rights reserved.
and hydrogen peroxide which are needed for the Fenton reactions.
Thus, they are generated in situ by the electrical current, avoiding
their transport and continuous addition throughout the process due
to its decomposition in the medium [2].
Therefore, in the electro-Fenton process the continuous electro-
generation of H2O2 is achieved by O2 reduction in the presence of
dissolved Fe2+. If there are Fe3+ species in the medium, they revert
to Fe2+ by different reduction processes, involving H2O2 or organic
intermediate radicals, as well as the direct reduction of Fe3+ on the
cathode. This allows the propagation of the Fenton’s reaction via a
catalytic cycle [8].
It  is well known that Fenton’s reaction occurs at low pH values.
Fe ions precipitate at pH higher than 4, reducing the degradation
efﬁciency as well as difﬁculty post-treatment of Fe sludge after the
reaction. In the literature, it is reported that the Fenton reaction has
the highest efﬁciency when the pH is between 2 and 4 [9]. Zhou et al.
[10] found that the highest electro-Fenton activity in the methyl red
degradation was attained under pH 3, while at pH 5, the level was
only 63.8% of that of dye removal at pH 3. Similar effect was  detected
in the degradation of other organic compounds. Li et al. [11,12]
studied the degradation of 2,4-dichlorophenol in a wide pH range
from 1 to 9 and determined that the maximal efﬁciency is obtained
at pH 2.5–3. Masomboon et al. [13] studied the degradation of 2,6-
dimethylaniline at several pHs (from 1 to 4) and they conﬁrmed
that pH has a sharp inﬂuence on the electro-Fenton reaction with
a maximum reaction rate at pH 2. These results are in agreement
with early reports [14,15].
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Therefore, the solution pH provoked the change in the speciation
f the Fenton’s reagents reducing the oxidation reactions, thus an
cidic pH is required in order to increase the efﬁciency of Fenton
rocess. To overcome the narrow pH of the Fenton and electro-
enton process that limits the wide application of this technology
n the wastewater treatment, the utilization of heterogeneous Fen-
on reagents such as metal oxides [16], Fe@Fe2O3/ACF composite
lectrode [17] and heterogeneous catalysts for the Fenton reactions
ave been gaining attention in recent years. In several previous
tudies [18–21] it is demonstrated that the catalytic activity of the
eaction system and the stability of the catalysts could be enhanced
y binding iron species on appropriate support materials such as
eutral organic polymers, ion exchange membranes or resins, and
norganic materials.
In  the present study we want to demonstrate that iron can
e effectively entrapped in a biopolymer matrix such as alginate
ithout signiﬁcant reduction in its reactivity. Entrapment within
lginate beads is one of the most common methods for immobi-
izing living cells in food and beverage industries and also in the
ntrapment of surfactants, activated carbon, and metal hydrox-
des (Fe3+ and Ni2+) to recover/treat aqueous copper, organics,
nd arsenic. Immobilization in biopolymer matrix beads is a sim-
le, inexpensive and effective technique. Thus, porosity of alginate
eads allows solutes to diffuse into the beads and come in con-
act with the entrapped material. Moreover, they are nontoxic,
iodegradable, and nonimmunogenic, producing thermally irre-
ersible and water insoluble gels. In addition, another advantage of
 supported catalyst system is the easy separation from the reaction
olution by ﬁltration, favoring the operation in continuous mode
22–24].
In this work, we report the development of an heterogeneous
lectro-Fenton catalysts treatment by means of Fe alginate gel
eads in order to avoid the little activity for substrate degradation
ue to the precipitation of the Fe ions at pH >4 as well as difﬁcult
ost-treatment of Fe sludge after the reaction. In order to analyse
he technique efﬁciency, different dye solutions were used as model
amples and comparative studies with respect to electro-Fenton
ith free Fe ions were carried out. Considering that the synthetic
yes present in the wastewater usually contain aromatic rings that
ake them harmful and biologically recalcitrant compounds, they
epresent a great environmental problem; the ﬁnal aim of this work
s to design an electro-Fenton process using Fe alginate gel beads
o treat coloured efﬂuents in continuous mode at bench scale.
.  Experimental
.1. Dyes solutions
In  this work two dye solutions (Lissamine Green B and Azure B)
rovided by Sigma–Aldrich (Barcelona, Spain) were used to evalu-
te the electro-Fenton treatment. The dyes characteristics and their
oncentrations are described in Table 1.
.2. Fe alginate gel beads
Solution  of sodium alginate 2.0% (w/v), purchased Sigma-
ldrich (Barcelona, Spain), was dropped into the hardening solution
omposed of 0.15 M Ba2+ (BaCl2·2H2O, Panreac Quimica, Barcelona,
pain) and 0.05 M Fe3+ (FeCl3, Sigma–Aldrich (Barcelona, Spain) by
 peristaltic pump and spherical alginate beads were formed [25].
hese brown particles formed (Fig. 1A) were cured at 4 ◦C for 2 h in
he gelling solution then ﬁltered off and washed repeatedly with
istilled water and ﬁnally stored at 4 ◦C in distilled water for the
ye degradation study.aterials 213– 214 (2012) 369– 377
2.3. Characterization of Fe alginate gel beads
Scanning electron microscopy (SEM) was performed on a JEOL
JSM-6700F equipped with an EDS Oxford Inca Energy 300 SEM
using an accelerating voltage of 20 kV (Electron Microscopy Ser-
vice, C.A.C.T.I., University of Vigo). The beads in the wet state were
frozen in liquid nitrogen and freeze-dried. The freeze-dried beads
were coated with C for the SEM observation.
Fourier-transform infrared (FT-IR) spectra of the beads were
recorded on an FT-IR spectrometer (model FT-IR/4100, Jasco). The
samples were ground into powder and dried in an oven at 60 ◦C for
40 min.
Fe  alginate gel beads were digested to determine the Fe
entrapped in the alginate beads following the EPA’s acid digestion
procedure 3050.
2.4.  Electro-Fenton process
Batch electro-Fenton experiments were carried out in a glass
cylindrical reactor with a working volume of 0.15 L (Fig. 2A). In this
process H2O2 is produced electrochemically via oxygen reduction
on the cathode. Therefore, continuous saturation of air at atmo-
spheric pressure was ensured by bubbling compressed air near the
cathode at about 1 L min−1, starting 10 min  before electrolysis to
reach a stationary O2 concentration [26].
The electric ﬁeld was applied by two  graphite sheets connected
to a direct current power supply (HP model 3662). The electrode
sheets (surface 15 cm2) were placed opposite to each other at 1 cm
above the bottom of the cell and with an electrode gap of 6 cm.  The
current intensity was  monitored along the process with a multi-
meter (Fluke 175). A constant potential drop (14.19 V) was applied
with a power supply (HP model 3662) and the process was  moni-
tored with a multimetre (Fluke 175) [27].
In electro-Fenton with free Fe, the Fe dosage was  initially added
as FeSO4·7H2O at a concentration of 150 mg L−1 and the pH was
adjusted to working value, pH 2, with sodium hydroxide or sul-
phuric acid to promote the formation of hydroxyl radicals in the
Fenton process [2]. When the electro-Fenton was performed with
Fe alginate gel beads, 8.69 g of these beads were added in the
solution. This amount of alginate beads have entrapped the same
amount of Fe used when Fe is free. In these experiments pH was
adjusted to working value with sodium hydroxide or sulphuric acid.
In both cases, the solution was  stirred magnetically avoiding con-
centration gradients in the cell.
2.5. Continuous electro-Fenton bubble reactor
A glass cylindrical reactor with two  electrode sheets connected
to a direct current power supply was  used (Fig. 2B). The electro-
Fenton bubble reactor had a working volume of 0.15 L, and 8.69 g of
Fe alginate beads. It was  operated in continuous mode at a residence
time of 30 min. The cathode and anode graphite sheets (surface
15 cm2) were placed opposite to each other with an electrode gap
of 4.3 cm.  A constant potential drop (14.19 V) was applied with a
power supply (HP model 3662) and the process was monitored with
a multimetre (Fluke 175) [27].
As it is mentioned above, the H2O2 is produced electrochem-
ically  by bubbling compressed air near the cathode at about
1 L min−1.
The hydrodynamic behavior of this reactor was  studied through
the residence time distribution (RTD) curves. The RTD curves were
obtained by perturbation via a pulse injection with a syringe of
1 mL  concentrated Lissamine Green B solution at the inlet of the
bubble reactor without direct current. Then, the changes in dye
concentration were measured along time in the outlet stream.
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Fig. 1. The photographs of Fe alginate gel beads showing (A) the spherical shape of beads and their brown colour. (B) Scanning electron microscopy images of surface of Fe
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.6. Sample preparation
In  all experiments, samples were taken periodically from the
lectro-Fenton cells and reactor to be analyzed for pH, dyes concen-
ration and decolourisation, and electric parameters were recorded.
hey were centrifuged at 10,000 rpm for 5 min, and the supernatant
as separated to be analyzed.
.7.  Dye decolourisation
The  absorption spectra showed in all cases a single peak with a
trong absorption in the visible region at the wavelength indicated
n Table 1. For all experiments, the residual dye concentration was
easured spectrophotometrically (Unicam Helios , Thermo Elec-
ron Corp.) at the maximum visible wavelength. The assays were
one twice, the experimental error was calculated as standard devi-
tion (SD) and in all cases the SD was below 3%. Dye decolourisation
as associated with the decrease in absorbance and expressed inerms of percentage according to Eq. (1).
 = Ai − At
Ai
× 100 (1)
able 1
ye  class, chemical structures, wavelength at maximum absorbance and concentration u
Dye Type C.I. Struct
Lissamine Green B Diphenylnaphthyl-methane 44090
CH3
Azure  B Cationic metachromatic thiazine dye 52010
CH3where D, decolourisation (%); Ai and At, absorbance value at the
maximum wavelength of dyes at the initial and through time,
respectively.
2.8. Kinetic studies
Kinetic  studies were done in order to model the continuous
electro-Fenton bubble reactor. The dyes concentration proﬁles
were ﬁtted by a suitable kinetic equation and the rate constants
were calculated by using SigmaPlot 4.00 (1997) software. The
SigmaPlot curve ﬁtter uses an iterative procedure, based on the
Marquardt–Levenberg algorithm, which seeks the values of the
parameters that minimize the sum of the squared differences
between the observed and predicted values of the dependent vari-
able.
2.9. TOC analysisTotal  organic content (TOC) was determined by using a Lange
cuvette test (LCK 380) in a Hach Lange DR 2800. The sample
was introduced in the Lange cuvette. Under the conditions of the
test, the carbon forms carbon dioxide, which diffuses through a
sed of the different dyes employed.
ure max (nm) Concentration (mg L−1)
N
+ CH3CH3
N
CH3
OH
S
O
O
O
S OO
ONa 633 8.5
S
N
N
+
N
CH3
CH3
H 648 4.83
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rig. 2. Schematic diagram of electro-Fenton experimental setup in batch process A
rocess B: cathode (1), anode (2), power supply (3), air (4), pumps controller (5), pu
embrane into an indicator solution. The change of color of the
ndicator solution is evaluated photometrically.
. Results and discussion
.1.  Characterization of Fe alginate gel beads
The Fe alginate beads were obtained via a traditional facile
athway. Their morphologies are shown in Fig. 1A. They exhib-
ted spherical shape with a narrow particle size distribution and in
he swollen state had average diameters of 3.5 mm.  In comparison
ith alginate beads without Fe, it observed that the colorless beads
ave transformed into brown, as a result of the cross-link between
e and alginate.
It  is well known that ionic cross-links will happen when alginate
ontacts with Ca2+ to form the “egg-box” structure. This structure
s showed in the scanning electron microscopy images (Fig. 1B).
oreover, multivalent counter-ions as cross-linking molecules
or the formation of three dimensional alginate gels have been
eported [28,29]. Therefore, when alginate droplets are immersed
Fig. 3. Scanning electron microscopy images (A) and energy dispeode (1), anode (2), power supply (3), air (4), magnetic stirrer (5); and continuous
6).
into  ferrous aqueous solution, ionic cross-links can be established
between the carboxyl group on alginate chains and Fe.
Using  an acid digestion it was  determined that the used Fe algi-
nate beads have a Fe concentration of 2584 mg  kg−1. In order to
determine the Fe distribution a SEM analysis was done. In Fig. 3,
the SEM image and energy dispersive spectrometric (EDS) map-
ping of a Fe-alginate bead are showed. It is clear that the beads
having spherical shape and the inner surface ﬁlled with iron are
denser. The homogenous distribution of Fe in the beads revealed
that alginate matrix was used successfully.
In addition, FT-IR spectra (Fig. 4) shows two bands at
1596.6 cm−1 (III) and 1406.2 cm−1 (II), which are assigned to the
asymmetric and symmetric stretching vibrations of the carboxyl
group of alginate molecule, respectively [30,31]. According to Dong
et al. [32], a new peak around 1710–1720 cm−1 (IV) in the spectrum
of Fe alginate gel bead may  also belong to the absorption vibrations
of the carboxyl group of alginate molecule. Moreover, it is observed
that peak II and III shifted slight to 1595.0 cm−1 and 1407.1 cm−1
in the spectra of Fe alginate gel bead. This fact is indicative of
the corresponding change in the distance of the C–O bond of the
rsive spectrometric mapping of a Fe alginate gel beads (B).
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Fig. 5. Effect of pH on decolourisation of Azure B (A) and Lissamine Green B (B) byWavenumber  (c m )
Fig. 4. Infrared spectra of: (a) sodium alginate and (b) Fe alginate bead.
arboxylate group is due to the bonding strength between the metal
on and the oxygen of the carboxyl group changes. Hence, the bond
eeds a smaller amount of energy to vibrate; therefore, a shift of the
symmetric peak to lower energies is observed [31]. These results
ould indicate that a surface gelation of sodium alginate can be
ormed by the complex of their carboxyl groups with iron ions in
queous solution.
.2.  Dye adsorption on alginate beads
As it is mentioned in the literature [33–35], several polymer
etwork gel beads could be used in the removal of inorganic
nd organic contaminants present in wastewater. Jeon et al. [34]
xamined the removal of some basic dyes, such as Methylene
lue, Malachite Green and Methyl Orange, using alginate or algi-
ate/polyaspartate composite gel beads. Their results suggest that
his gel can be used as an effective sorbent for water pollutants
uch as dyes. Li et al. [35] reported that chitin/alginate magnetic
ano-gel beads possessed high Methyl Orange adsorption capacity
ue to the increase of the speciﬁc surface area for composite beads
ecause of the microporous structure and the formation of iron
xide nanoparticles, which can adsorb more easily dye molecules.
herefore, the iron oxide nanoparticles of composite beads play an
mportant role in the improvement of both the adsorption capacity
nd the adsorption rate.
Considering that the utilized matrix could be used as sorbent,
nitial adsorption experiments to evaluate the contact time effect
n dye removal by beads were carried out at dye concentration
f Table 1 and room temperature. The results obtained at the
ye concentrations used in these experiments showed that a dye
dsorption lower than 5% is attained when the beads are in contact
ore than 1 h. Therefore, if the electro-Fenton process takes place
n lesser time the effect of adsorption on alginate bead could be
onsidered as null.
.3.  Effect of solution pH
In  this work the electro-Fenton process was accomplished in
n electrochemical cell with graphite electrode based on previous
tudies [2,36]. Graphite was the best cathode material for electro-
eneration of H2O2 while metal cathodes such as copper, stainless
teel, lead and nickel were likely to decompose H2O2. Addition-
lly, this electrode permits an adequate H2O2 production according
o the necessary ratio Fe:H2O2 in order to Fenton reaction takeelectro-Fenton with Fe alginate gel beads (8.69 g) with a working volume of 0.15 L,
air ﬂow 1 L min−1, potential drop 14.19 V. Symbols: pH 2 (), pH 4 (), pH 6 (©), pH
8  ().
place [37]. Amongst the different pollutants that provoke a colour
environmental problem, Lissamine Green B and Azure B dyes were
selected as model dyes because they are recalcitrant compounds
which are not easily oxidized by other methods [38]. Therefore, in
this study the Lissamine Green B and Azure B decolourisation by
electro-Fenton technique by use of catalytic activity of Fe alginate
gel beads was  carried out in an electrochemical cell with graphite
sheet electrodes. The concentration range of Azure B and Lissamine
Green B was selected in accordance with the levels used in previous
papers [39–41].
The  efﬁciency of the Fenton reactions depends on pH, for that
reason its impact on the catalytic activity of Fe alginate gel bead
was examined and several experiments were performed at pH 2, 4,
6 and 8 in dye solutions containing 8.69 g gel beads (Fig. 5).
As it is shown in Fig. 5, solution pH inﬂuences dye decolouri-
sation and the highest oxidation activity is achieved at pH 2. This
agrees with the optimal value for the Fenton’s reagent reported by
Rosales et al. [2]. Decolourisation exhibits different rates for the pH
range used. In the initial stages, dye decolourisation rate at pH 2 is
much faster than that obtained with higher pH, while in the ﬁnal
stage the percentage of degradation is similar for all tested condi-
tions. This trend is mostly due to the fact that at lower pH values the
scavenging effect of the OH radicals by H+ is severe (Eq. (2)) [42]
and H2O2 is unstable in alkaline solutions, being quickly decom-
posed to oxygen and water at neutral to higher pH values, which
leads to lose its oxidation ability (Eq. (3)) [43].
OH• + H+ + e− → H2O (2)
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e () and Fe alginate beads (), operating in a electrochemical cell with a working
olume of 0.15 L, air ﬂow 1 L min−1, potential drop 14.19 V and pH 2.
2O2 → H2O + O2 (3)
However,  in electro-Fenton the continuous H2O2 production
ermits to maintain their concentration in the medium. For this
eason, at initial time the decolourisation efﬁciency was reduced
ut at last time the removal level was the same as pH 2. Moreover,
he ionic cross-links between the carboxyl group on alginate chains
nd Fe ions avoid the formation of Fe(OH)3 and eliminate the neg-
tive effect of iron sludge generated in classical Fenton’s oxidation
rocess at higher pH values. The results demonstrated that Fe algi-
ate beads played a great catalytic role in the decolourisation of
yes in a wide pH range of 2–8.
.4. Comparative electro-Fenton process operation with Fe
lginate  beads and free Fe
The  decolourisation of Lissamine Green B and Azure B under
lectro-Fenton process with free and immobilized Fe ions was
ested in the electrochemical cell described in the material and
ethods section. A pH 2 was selected due to a previous study [2]
t was detected that with free Fe decolourisation efﬁciency sig-
iﬁcantly decreases, mainly because Fe3+ precipitates at high pH
alues, and the dissolved iron concentration is reduced.
As  it can be observed in Fig. 6, the oxidation of both dyes per-
ormed in the presence of Fe alginate beads increased the reaction
ate signiﬁcantly, and high colour removals (superior than 95%)
ere reached in shorter treatment time. After experiments, negli-
ible Lissamine Green B and Azure B dye presence were detected inFig. 7. Dye decolourisation in successive electro-Fenton batches with 8.69 g of Fe
alginate beads operating with a working volume of 0.15 L, air ﬂow 1 L min−1, poten-
tial  drop 14.19 V and pH 2. Symbols: Azure B (), Lissamine Green B ().
the electrodes and Fe alginate beads. Therefore, these results clearly
indicate that both dyes were decolourised and also degraded during
electro-Fenton process with the heterogeneous Fenton catalysts
designed in this study.
3.5.  Successive batches
Successive  batches were performed to examine the reusabil-
ity of the Fe alginate beads for dye decolourisation. As it can be
observed in Fig. 7, after 3 cycles, the time necessary to obtain the
maximum dye decolourisation was increased. Although after 1 h
the decolourisation level attained remained over 98–100% for the
2 and 3 cycles, this value was  obtained in the ﬁrst batch after 30 min.
In order to evaluate the ﬁxation of Fe in the alginate beads, a SEM
image and energy dispersive spectrometric (EDS) mapping of a Fe
alginate bead were done. It is clear that the beads maintain their
spherical shape and are ﬁlled with Fe (Fig. 8).
Thus, alginate Fe immobilization appeared to exhibit a high
reusability with high stability and the homogenous distribution of
Fe in the beads permit the electro-Fenton process to take place in
successive batches without addition of Fenton agents.
3.6.  Continuous electro-Fenton processPrevious results demonstrated that the use of Fe alginate gel
beads permits their reuse in successive batches. Thus the con-
tinuous mode operation was  tested in a bubble reactor. Initially
the hydrodynamic behavior of this reactor was studied through
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 = 0.99 56Fig. 8. Scanning electron microscopy images (A) and Energy di
he residence time distribution (RTD) curves. These tracer experi-
ents were carried out with 8.69 g of Fe alginate beads at different
ow rates to conﬁrm that the reactor used in this work closely
atches ideal mixing conditions. Therefore, it can be assumed that
he reactor behaves CSTR ideally, which means that the concentra-
ion everywhere in the reactor is equal to the outlet concentration
nd the ﬂuid has a mean residence time equal to the reactor volume
ivided by the volumetric ﬂow rate through the tank.
To  model this process is necessary to know its kinetic behaviour
n the previous batch experiments. For this reason, the kinetic stud-
es with both dyes were carried out. In these experiments the
eaction kinetics were researched and the regression coefﬁcients
or zero, ﬁrst- and second-order reactions were calculated. The
esults indicated that the decolourisation of Lissamine Green B and
zure B could be quantitatively described by a ﬁrst-order kinetic
quation (Eq. (4)) with respect to the dye concentration:
dC
dt
= −kC (4)
here  C, concentration of dye (mg  L−1); t, reaction time (min); k,
inetic coefﬁcient for the ﬁrst order reaction (min−1). The rate con-
tant values and the statistical correlation parameters are shown
n Fig. 9.
Finally, the efﬁciency of the continuous bubble electro-Fenton
eactor designed in this work was evaluated operating with Lis-
amine Green B and Azure B at a residence time of 30 min. Fig. 10
hows the decolourisation efﬁciency to Lissamine Green B and
zure B. As it is shown, both dyes decolourisation proﬁles were very
imilar, around 98–100% of dye decolourisation can be obtained
perating in continuous mode without operational problems, such
s the clogging, bead breakage, or overpressure. To verify the
lectro-Fenton dye degradation, the reduction in TOC was  evalu-
ted in both dyes. TOC removal was higher by Lissamine Green
93%) than Azure B (89%). The results demonstrated that colour
emoval is closely related with the reduction of TOC and these
esults are in accordance with the one obtained in our previous
xperiments [2] and by Daneshvar et al. [44]. They reported that the
lectro-Fenton process can degrade and ﬁnally mineralize organic
ollutants to less toxic and non-toxic compounds. By reacting with
ydroxyl radicals, the dye is degraded step-by-step, and eventually
ineralized.
Based on the kinetic and hydrodynamic studies it was postulated
he equation of an ideal CSTR in steady-state (Eq. (5)).
 = k ·  ×  100 (5)
1 + k · 
here,  D, decolourisation of dye (%); , residence time (min) and
, kinetic coefﬁcient for the ﬁrst order reaction (min−1). In Fig. 10
he line represents the model and points the experimental data. Itve spectrometric mapping (B) of Fe alginate after 3 batch uses.
clearly shows a good ﬁt (R2 ∼=0.99) to the theoretical model and
veriﬁes the utility of this model to scale-up the process.
These results suggest that the oxidative degradation of dyes
under electro-Fenton process using Fe alginate gel beads in con-
tinuous reactor can be achieved. In this case, the alginate beads
are easily retained into de reactor and different kinds of dyes wereFig. 9. First-order kinetics (Ln normalized dye concentration remaining vs time) of
dye decolourisation by electro-Fenton process (8.69 g of Fe alginate beads, working
volume of 0.15 L, air ﬂow 1 L min−1, potential drop 14.19 V and pH 2). Symbols: Azure
B  (), Lissamine Green B ().
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Sonoelectro-Fenton process: a novel hybrid technique for the destruction ofepresents  the model prediction.
. Conclusions
In this study a new variation of electro-Fenton process by using
f catalytic activity of Fe alginate gel beads has been developed. The
erformance of this technique is described by:
 The characterization of Fe alginate gel beads revealed that Fe is
homogeneously distributed into the gel beads.
 The Fe ﬁxation into alginate beads reduces the negative effect of
pH in the electro-Fenton process. It is possible to operate in a wide
range  of solution pH (from 2 to 8).
 The catalytic activity of Fe alginate gel beads improved the dye
decolourisation of electro-Fenton technique.
 After successive batches, the stability of Fe alginate gel beads was
maintained  and Fe was ﬁxed in the alginate structure.
 An oxidative degradation of dyes under electro-Fenton process
using  Fe alginate gel beads in continuous reactor can be achieved.
 A theoretical model was proposed in accordance with experimen-
tal  data and the utility of this model to scale-up of the process was
veriﬁed.
The  results obtained in this study, indicate the suitability of
lectro-Fenton technique in presence of Fe alginate gel beads to
reat colored efﬂuents that can solve one of the most important
nvironmental problems in the related industry.
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Abstract The aim of this work was to improve the ability of
the electro-Fenton process using Fe alginate gel beads for
the remediation of wastewater contaminated with synthetic
dyes and using a model diazo dye such as Reactive Black 5
(RB5). Batch experiments were conducted to study the
effects of main parameters, such as voltage, pH and iron
concentration. Dye decolourisation, reduction of chemical
oxygen demand (COD) and energy consumption were stud-
ied. Central composite face-centred experimental design
matrix and response surface methodology were applied to
design the experiments and to evaluate the interactive
effects of the three studied parameters. A total of 20 exper-
imental runs were set, and the kinetic data were analysed
using first-order and second-order models. In all cases, the
experimental data were fitted to the empirical second-order
model with a suitable degree for the maximum decolourisa-
tion of RB5, COD reduction and energy consumption by
electro-Fenton–Fe alginate gel beads treatment. Working
with the obtained empirical model, the optimisation of the
process was carried out. The second-order polynomial re-
gression model suggests that the optimum conditions for
attaining maximum decolourisation, COD reduction and
energy consumption are voltage, 5.69 V; pH 2.24 and iron
concentration, 2.68 mM. Moreover, the fixation of iron on
alginate beads suggests that the degradation process can be
developed under this electro-Fenton process in repeated
batches and in a continuous mode.
Keywords CCF . COD . Decolourisation . Electro-Fenton
process . Fe alginate gel . Reactive Black 5
Introduction
In recent years, the appearance of pollutants that are recal-
citrant to conventional treatments, such as synthetic dyes,
together with the increasing public concern regarding the
environmental contamination, have brought about stricter
restrictions and lower disposal limits imposed by new leg-
islation (Tsantaki et al. 2012).
Significant amounts of chemically different dyes are
used for various industrial applications. Synthetic dyes
exhibit structural diversity, and the chemical classes more
commonly used in the industry are the azo, anthraqui-
none, sulphur, indigoid, triphenylmethyl (trityl) and
phthalocyanine derivatives. Moreover, several studies de-
scribed the toxicity of dyes that are released in the
environment (Forgacs et al. 2004). No precise data are
available in literature about the exact amount of world
dye production. However, billions of litres of aqueous
waste streams are generated by textile industries every
day (Zollinger 1987). Therefore, a wide range of tech-
nologies have been developed in order to remove these
pollutants from wastewaters. At the present time, some of
these methods for the removal of dyes from wastewaters
are attracting the attention of the scientific community. The
extraction of dyes by adsorption in waste materials such as
hen feather (Mittal et al. 2012a, b), deoiled soya (Gupta et al.
2006; Mittal et al. 2009a), carbon slurry (Gupta and Ali 2008;
Gupta et al. 2010) or bottom ash (Gupta et al. 2006; Mittal et
al. 2009b) has shown encouraging results. On the other hand,
electrochemical processes such as photochemical (Gupta et al.
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2007) or electrochemical treatment (Rosales et al. 2011b) have
demonstrated their viability to degrade organic compounds.
Among them, electrochemical oxidation provides several
advantages such as environmental compatibility because it
uses a clean reagent, the electron (Jüttner et al. 2000); be-
sides, it is generally characterized by simple equipment, easy
operation and brief retention time (Anglada et al. 2009).
During the last years, advanced oxidation processes have
received great attention as a promising alternative to degrade
toxic organic compounds to CO2 and water (Stasinakis
2008). Therefore, in order to improve the degradation effi-
ciency, there are other technologies based on advanced oxi-
dation principles that are used alone or combined with
electrochemical techniques. Recently, processes such as pho-
tocatalytic degradation (Gupta et al. 2012a, b), photoelectro-
Fenton (Ruiz et al. 2011; Zarei et al. 2010) and electro-Fenton
(Garcia-Segura et al. 2011; Murati et al. 2012; Panizza and
Cerisola 2009) are being tested by researchers for the treat-
ment of wastewater in order to obtain low-cost efficient pro-
cesses suitable for more stringent environmental regulations.
In an electro-Fenton oxidation process, H2O2 is con-
tinually generated in acidic solutions by the reduction of
O2 at the cathode. When iron is present as catalyst,
Fenton reaction will take place in the contaminated solu-
tion generating ·OH radicals that remove the organic
pollutants (Brillas and Casado 2002; Brillas et al.
2009). In a previous paper (Rosales et al. 2012), the
application of the electro-Fenton technique by use of
catalytic activity of Fe alginate gel beads for the reme-
diation of wastewater contaminated with synthetic dyes
was studied. The results showed that the catalytic activity
of Fe alginate gel beads improves the dye decolourisation
in the electro-Fenton technique. Iron fixation into alginate
beads reduces the negative effect of pH in the electro-
Fenton process. Therefore, it is possible to operate in a
wide range of solution pH (from 2 to 8). In addition, the
use of Fe alginate gel beads makes possible the treatment
of these effluents in continuous mode.
These results are in accordance with those obtained by
Dong et al. (2011). They prepared the Fe alginate gel beads
by adding sodium alginate aqueous solution dropwise into
the FeCl3 gelling solution. The gel beads were evaluated as
the heterogeneous Fenton catalysts for oxidative degrada-
tion of two typical azo dyes, Reactive Blue 222 and Acid
Black 234, in the presence of H2O2 under visible light
irradiation. Their results indicated that Fe3+ ions were coor-
dinated with oxygen atoms in carboxyl groups from glucose
chains of the alginates to form the Fe alginate gel beads. Fe
alginate gel beads showed a great catalytic role in the
degradation of the azo dyes in a wide pH range of 3.0–8.0.
Moreover, higher iron content and an increase of the irradi-
ation intensity could promote the catalytic performance of
Fe alginate gel beads.
Based on these previous results, the optimisation of
the process by the use of Fe alginate gel beads must be
carried out. In the electro-Fenton process, the influence
of iron concentration, pH and voltage on the degradation
of organic pollutants are crucial factors. Therefore, in this
study, the optimization of these factors in the electro-
Fenton Fe alginate gel beads process (EFFeAB) using
central composite face-centred design (CCF) and re-
sponse surface methodology (RSM) was carried out.
Materials and methods
Chemicals
Reactive Black 5 (CAS 17095-24-8) was supplied by
Sigma-Aldrich and used without further treatment. Table 1
summarizes its properties.
Fe alginate gel beads
A solution of sodium alginate 2.0 % (w/v), supplied by
Sigma-Aldrich, was dropped into the hardening solution
composed of 0.15 M Ba2+ (BaCl2·2H2O) and 0.05 M Fe
3+
(FeCl3) by a peristaltic pump, and spherical alginate beads
were formed (Kim et al. 2010). The beads formed were
cured at 4 °C for 2 h in the gelling solution then filtered
off, washed repeatedly with distilled water and finally stored
at 4 °C in distilled water for the dye degradation study.
Electro-Fenton Fe alginate gel beads process
Batch electrochemical experiments were carried out in a
glass cylindrical reactor with a working volume of 0.15 L
(Fig. 1). The electric field was applied by two graphite
sheets (surface, 15 cm2) connected to a direct-current power
supply (HP model 3662). The electrode sheets were placed
opposite to each other at 1 cm above the bottom of the cell
and with an electrode gap of 6 cm. Current intensity was
monitored along the process with a multimeter (Fluke 175).
A magnetic stirrer was used to maintain the gel beads in
suspension and to avoid concentration gradients.
In the electro-Fenton process, H2O2 is produced elec-
trochemically via oxygen reduction on the cathode. For
this purpose, continuous saturation of air at atmospheric
pressure was ensured by bubbling compressed air near
the cathode at about 1 L/min, starting 10 min before
electrolysis to reach a stationary O2 concentration
(Rosales et al. 2011a).
Batch experiments were conducted to study the effects
of main parameters: voltage (3–8.09), pH (2–8) and fixed
iron concentration (0.4–2.68 mM). pH adjustment was
done with a diluted solution of NaOH or H2SO4. Different
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amounts of Fe alginate beads were introduced in the
system according to the fixed iron concentration. The
realized experiments are detailed in the Section 2.9. The
assays were performed in duplicate and according to the
experimental design.
Sample preparation
In all experiments, samples were taken periodically from
the electro-Fenton cells to be analysed for pH, dye
concentration and decolourisation. They were centri-
fuged at 10,000 rpm for 5 min, and the supernatant
was separated to be analysed.
Analytical procedures
The initial and residual dye concentrations were measured
spectrophotometrically (Unicam Helios β, Thermo Electron
Corp.) from 450 to 750 nm using a calibration curve asso-
ciated with the area under the curve.
Chemical oxygen demand analysis
Chemical oxygen demand (COD) was determined by
using a Lange cuvette test (LCK 414) in a Hach Lange
DR 2800. This COD test follows the ISO 15705 stan-
dard method.
Measurement of process efficiency
Besides determining the dye decolourisation efficacy and
percentages of COD removal during the batch experi-
ments, there are other useful specific energetic parameters.
In this study, two important specific energetic parameters
were evaluated: energy consumption per decolourised dye
mass (1) and energy consumption per amount of destroyed
COD (2).
ECdyeðkWh=kgdyeÞ ¼ I  V  tΔmdye ð1Þ
ECCODðkWh=kgCODÞ ¼ I  V  tðΔCODÞV S ð2Þ
where ECdye (kWh/kgdye) is the energy consumption per
decolourised dye mass (in kilowatt hours per kilogram of
dye), ECCOD (kWh/kgCOD) energy consumption per amount
of destroyed COD (in kilowatt hours per kilogram COD), I
is the average applied current (in amperes), V is the cell
voltage (in volts), t is the treatment time (in hours), Vs is the
solution volume (in litres), Δmdye is the dye mass removed
(in grams) and ΔCOD is the decay in COD (in grams per
litre).
Characterization of Fe alginate gel beads
Scanning electron microscopy (SEM) was performed on
a JEOL JSM-6700F equipped with an EDS Oxford Inca
Energy 300 SEM using an accelerating voltage of
20 kV. The beads in the wet state were frozen in liquid
nitrogen and freeze-dried. The freeze-dried beads were
Table 1 Dye class, chemical structure and wavelength at maximum absorbance of RB5
Dye Reactive group C.I. Structure λmax (nm)
Reactive
Black 5
(RB5)
Vinylsulfone
(Diazo-dye)
20505 597
Fig. 1 Schematic diagram of electro-Fenton experimental setup: mag-
netic stirrer (1), stirrer (2), anode (3), cathode (4), air supply (5),
alginate gel beads (6)
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coated with C for the SEM observation. Fe alginate gel
beads were digested to determine the iron entrapped in
the alginate beads following the EPA's acid digestion
procedure 3050.
Experimental design
RSM is derived from mathematical and statistical techni-
ques. It can be used for studying the effect of several factors
at different levels and their influence on each other. The
main stages of RSM are: experimental design, model fitting,
model validation and condition optimization. Experimental
designs such as CCF are useful for RSM. Under this meth-
odology, it is possible to identify optimal conditions while
minimizing the number of experiments required for a select-
ed response. In this study, a 23 CCF was utilised for the
optimisation of electro-Fenton process parameters of RB5
treatment.
A total of 20 experiments were carried out in this work,
including six replicates at the central point. In order to
investigate the operating parameters three main variables
were selected: voltage (X1), pH (X2) and iron concentration
(X3). These variables have been considered as factors that
may potentially affect the response function, which is dye
decolourisation. The independent variables were studied at
three different levels, the upper level correspond to +1, the
basic level 0 and the lower level -1, these codifications were
selected in order to simplify the recording conditions of the
experimental data. The experimental design used for this
work is shown in Table 2. All experiments were carried out
in duplicate, and the average of the decolourisation degree
was taken as the response. The standard deviation was less
than 3 %.
Statistical analysis and validation of the experimental model
Statistical analysis of the model was performed to evaluate
the analysis of variance (ANOVA) using Design Expert®
8.0.0 software (Stat-Ease Inc., Minneapolis, USA). This
analysis included Fisher's F test (overall model signifi-
cance), its associated probability values and the coefficient
of determination R2 which measures the goodness of fit of
the regression model. The fitted polynomial equation was
then expressed in the form of contour and surface plots in
order to illustrate the relationship between the responses and
the experimental levels of each of the variables utilised in
this study.
The statistical model was validated with respect to all the
three variables within the design space. Thus, a batch
electro-Fenton experiment in the optimised conditions was
realized, and the results were compared with predicted
values.
Results and discussion
Amongst chemically different dyes used for several in-
dustrial applications, Reactive Black 5 (RB5) dye was
selected as a model dye because it is a moderately toxic
(50 %>EC20>25 %) (Ramsay and Nguyen 2002) and
recalcitrant compound which is not easily oxidized by
other methods. Therefore, in this study, the RB5 decol-
ourisation by the EFFeAB process was carried out, and
its efficiency was optimised. The concentration of RB5
(0.1 g/L) was selected because it is higher than that
regularly used as initial concentration in dye treatment
technologies (Deive et al. 2010; Ghows and Entezari
2011; Jamal et al. 2011).
The electrode used in this EFFeAB process was graphite.
Based on previous studies (Rosales et al. 2009), graphite
was the best cathode material for electro-generation of H2O2
while metal cathodes such as copper, stainless steel, lead
and nickel were likely to decompose H2O2.
Fe alginate gel beads
Fe alginate gel beads were prepared by adding sodium
alginate aqueous solution dropwise into a BaCl2 and FeCl3
gelling solution using a syringe needle at room tempera-
ture, and their sizes were measured. They exhibited spher-
ical shape with a narrow particle size distribution that in
the swollen state had an average diameter of 3 mm. The
typical surface morphology of the dry spherical bead is
shown in Fig. 2. These beads revealed a similar regular
undulated surface as that obtained by Dong et al. (2011).
The presence of Fe3+ ions stabilized the alginate confor-
mation. Two alginate chains are assembled by Fe3+ in a
conformation which is similar to an egg box (Morris et al.
1978).
Table 2 Coded levels and inde-
pendent variables for the
EFFeAB process
Coded level X1 voltage (V) X2 pH X3 iron concentration (mM)
−1 3 2 0.40
0 5.54 5 1.54
+1 8.09 8 2.68
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In order to determine the Fe fixation in the alginate
beads, an acid digestion was done. An iron content of
2,689 mg/kg was determined. In addition, the iron dis-
tribution was done by SEM analysis. Figure 3 shows
the SEM image and energy dispersive spectrometric
(EDS) mapping of a Fe alginate bead. It is clear that
the beads have spherical shape and that the inner sur-
face is denser by filling with iron. The homogenous
distribution of iron in the beads revealed that alginate
matrix was successfully used.
Considering that in the literature (Cheng et al. 2000;
Degen et al. 2009; Papageorgiou et al. 2010) several
polymer network gel beads were used in the removal of
inorganic and organic contaminants present in wastewa-
ter, initial adsorption experiments to evaluate the contact
time effect on dye removal by beads were performed.
The obtained results showed that dye adsorption lower
than 5 % is attained when the beads are in contact for
more than 60 min. Therefore, if the EFFeAB process
takes place in this time, the effect of adsorption on
alginate beads could be considered as near to null.
However, in all experiments, a control system without
electric field was conducted in parallel.
EFFeAB treatment of RB5
Figure 4 shows the visible spectrum of RB5 initially and
after treatment (30 and 60 min) by use of catalytic activity of
Fe alginate gel beads. The decolourisation of RB5 under the
EFFeAB process was tested in the electrochemical cell de-
scribed in the “Material and methods” section operating at
voltage 8.09 V, pH 2 and iron concentration 0.4 mM.
In accordance with the results obtained by Damodar and
You (2010), RB5 exhibits three characteristic absorbance
peaks (597, 390 and 310 nm) which are progressively
changing along the treatment. The peak at 597 nm in the
visible region is typical and characteristic of the chromo-
phore containing long conjugated π-system, used to mea-
sure the decolourisation (Gültekin and Ince 2006; Song et al.
2007). In the EFFeAB process, the intensity of the visible
peak decreased continuously until absorbance lower than
0.15 after about 1 h of treatment, leading to 85 % of
Fig. 2 Scanning electron microscopy images of surface of Fe alginate
beads
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Fig. 4 UV–visible spectra of RB5 during EFFeAB dye degradation
initially (solid line), after 30 min (dotted line) and final time after 1 h
(dash line)
Fig. 3 Scanning electron
microscopy images (left) and
energy dispersive spectrometric
mapping of Fe alginate gel
beads (right)
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decolourisation. At this time, only 51 % of the initial COD
was removed.
The absorption peaks at 390 and 310 nm in the UV region
are characteristic peaks of naphthalene and the benzene ring
structure, respectively; which are assigned to π–π* transition
of electron (Gültekin and Ince 2006; Song et al. 2007). It was
observed that the rate of colour removal was faster than the
rate of degradation of aromatic fragments. For this reason, the
changes in absorbance are faster than those observed in COD,
indicating that over the first stages of the treatment, there are
mechanisms that involve the oxidation of the dye to other
simpler organics. The oxidation of this complex molecule,
RB5, can lead to the formation of many intermediates (with
rapid decrease in the absorbance at 595 nm) by elimination of
chromophore groups prior to the formation of aliphatic car-
boxylic acids and carbon dioxide (that justifies the changes in
the COD values).
These results clearly indicate that the RB5 dye was
decolourised and also degraded during this process.
Taking into account these results, decolourisation and
the COD were evaluated in order to optimise the RB5
degradation by the EFFeAB process.
Decolourisation of RB5 by the EFFeAB process: CCF
and RSM
According to 23 CCF, a set of experiments were carried out.
Table 3 shows the experimental results after performing 20
runs of the CCF. Dye decolourisation was high in all devel-
oped treatments; this points out the efficiency of the EFFeAB
process for decolourisation of RB5 dye. The lowest removal
degrees (runs 1, 12 and 13) were reached when the lowest iron
concentration was used. The effect of pH was investigated,
and as it was expected, a low pH value (pH 2) extensively
improved dye decolourisation from 81 to 96%. In addition, in
runs number 3 and 17 with similar conditions but different
applied voltages, the results reached demonstrate that a low
voltage reduces the decolourisation rate. According to
Table 3 Design matrix for the 23 CCF design validation conditions and responses in relation to decolourisation and COD reduction
Run Voltage (V) pH Iron (mM) Decolourisation (%) ECdye (kWh/kgdye) COD reduction (%) ECCOD (kWh/kgCOD)
1 8.09 8.00 0.40 52.10 36.84 28.11 119.85
2 8.09 5.00 1.54 77.22 30.28 37.56 109.91
3 8.09 2.00 2.68 95.59 57.35 81.03 105.59
4 5.54 2.00 1.54 91.41 24.35 47.44 73.49
5 5.54 5.00 2.68 66.38 10.77 47.13 21.65
6 5.54 5.00 1.54 66.52 11.08 42.55 22.94
7 8.09 2.00 0.40 85.08 67.86 51.46 150.48
8 3.00 5.00 1.54 72.56 1.87 18.37 12.52
9 5.54 8.00 1.54 64.59 11.12 32.21 31.56
10 5.54 5.00 1.54 66.52 11.08 42.11 22.94
11 5.54 5.00 1.54 66.01 11.16 41.85 22.80
12 5.54 5.00 0.40 49.59 15.94 32.58 31.82
13 3.00 8.00 0.40 39.80 1.93 21.74 5.13
14 5.54 5.00 1.54 65.96 11.17 43.14 23.50
15 8.09 8.00 2.68 80.92 33.73 52.78 72.28
16 5.54 5.00 1.54 66.15 11.15 42.55 23.18
17 3.00 2.00 2.68 61.43 2.67 37.07 8.99
18 3.00 8.00 2.68 65.83 1.78 33.46 4.96
19 3.00 2.00 0.40 81.03 3.44 27.69 15.03
20 5.54 5.00 1.54 67.33 10.95 41.22 22.45
Energy consumption per dye mass (kWh/kgdye
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Fig. 5 Relation between decolourisation and energy consumption per
dye mass
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Martínez and Bahena (2009), the low voltage reduces
the electrolytic reactions; thus, the reagents of electro-
Fenton are not in the proper concentration to react with
dye molecules.
On the other hand, Fig. 5 shows the relationship between
the energy consumption per decolourised dye mass and the
decolourisation obtained in the best conditions. It is clear
that there is not a direct relation between them; however, it
is possible to obtain a good decolourisation degree (around
91 %) with low energy cost (24.35 kWh/kgdye) when the
voltage used is 5.54 V at pH 2 and 1.54 mM of iron
concentration.
The results obtained from the 23 CCF were evaluat-
ed, and an empirical relationship between the response
and the independent variables can be expressed by first-
(3) or second-order (4) polynomial response equations
in order to predict the response in all experimental
regions as follows:
Y1¼b0 þ b1X1 þ b2X2 þ b3X3 ð3Þ
Y2¼b0 þ b1X1 þ b2X2 þ b3X3 þ b4X4 þ b12X1X2
þ b13X1X3 þ b23X2X3 þ b11X12 þ b22X22 þ b33X32 ð4Þ
where Yk is the response variable of decolourisation degree
or energy consumption per dye mass. The bi are regression
coefficients for linear effects; bii, the regression coefficients
for squared effects; bij, the regression coefficients for inter-
action effects and Xi, coded experimental levels of the
variables.
Table 5 ANOVA analysis for response surface second-order model in relation to energy consumption per decolourised dye mass
Source Sum of squares Degrees of freedom Mean square F value Prob>F
Model 6,307.09 9 700.79 50.77 <0.0001 Significant
A–voltage 4,595.15 1 4595.15 332.93 <0.0001
B–pH 494.01 1 494.01 35.79 0.0001
C–iron concentration 38.85 1 38.85 2.81 0.1243
AB 340.97 1 340.97 24.70 0.0006
AC 20.17 1 20.17 1.46 0.2545
BC 8.02 1 8.02 0.58 0.4634
A2 75.67 1 75.67 5.48 0.0412
B2 131.23 1 131.23 9.51 0.0116
C2 17.57 1 17.57 1.27 0.2855
Std. dev. 3.72 R squared 0.9786
Mean 18.32 Adj R squared 0.9593
C.V. % 20.28 Pred R squared 0.8200
Adeq precision 26.809
Table 4 ANOVA analysis for response surface second-order model in relation to decolourisation
Source Sum of squares Degrees of freedom Mean square F value Prob>F
Model 3,515.63 9 390.63 106.73 <0.0001 Significant
A–voltage 252.59 1 252.59 69.02 <0.0001
B–pH 1,723.99 1 1,723.99 471.05 <0.0001
C–iron concentration 681.61 1 681.61 186.24 <0.0001
AB 10.55 1 10.55 2.88 0.1205
AC 20.78 1 20.78 5.68 0.0384
BC 241.30 1 241.30 65.93 <0.0001
A2 116.58 1 116.58 31.85 0.0002
B2 254.61 1 254.61 69.57 <0.0001
C2 296.96 1 296.96 81.14 <0.0001
Std. dev. 1.91 R squared 0.9897
Mean 70.13 Adj R squared 0.9804
C.V. % 2.73 Pred R squared 0.9020
Adeq precision 39.049
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The experimental data fitted well to the empirical second-
order model. The results of the second-order response surface
model in the form of ANOVA are presented in Tables 4 and 5.
The statistical significance of the model equation was evalu-
ated by the F test ANOVA. The significance of each coeffi-
cient was determined by F values and P values. In both cases,
the F values with a low probability value (P<0.0001) dem-
onstrate a high significance for the regression model. The
goodness of fit of the model was also checked by the multiple
correlation coefficient (R2). In both cases, the values of the
multiple correlation coefficient were 0.9897 and 0.9786,
which revealed that this regression is statistically significant
and only a 0.02% of the total variations is not explained by the
model. The value of predicted multiple correlation coefficient
is in reasonable agreement with the value of the adjusted
multiple correlation coefficient.
Response surface plots provide a valuable tool to predict
the decolourisation efficiency for different values of the
tested variables and help to identify the type of interactions
between these variables (Montgomery 2001). The graphical
representations of the response surface are shown in Figs. 6
and 7. The effect of investigated factors such as iron con-
centration, pH and voltage on decolourisation of RB5 was
studied. In Fig. 6, the interactions to evaluate the voltage
and pH are shown with iron concentration at the central
levels. As can be seen, the decolourisation efficiency
increases when voltage augments and pH decreases. In
Fig. 7, the response surface was represented to evaluate
the effect of the pH and voltage on the energy consumption
per dye mass. Consequently, the main factor that has an
influence on energy consumption is voltage. Therefore, the
low energy is obtained when the EFFeAB process is carried
out at low voltage.
The model obtained for the decolourisation and the
energy consumption per decolourised dye mass can be
employed to optimise the working conditions. The sta-
tistical model was validated with respect to all the three
variables within the design space. The optimal working
conditions obtained considering maximum decolourisa-
tion and minimum energy consumption per decolourised
dye mass were: voltage, 5.5 V; pH 2 and iron concen-
tration, 1.8 mM. The theoretical decolourisation and
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energy consumption per decolourised dye mass that
must be reached after a treatment of 1 h with these
conditions are 91 % and 23.88 kWh/kgdye.
Degradation of RB5 by the EFFeAB process: CCF
and RSM
In Table 3, the COD removal and the energy consumption
per COD destroyed after performing 20 runs of the CCF are
shown. In addition, in Fig. 8, the relationship between both
responses to different experimental conditions are shown. It
is clear that there is not a direct relation between them;
however, it is possible to obtain a good COD removal
(around 47 %) with an energy cost of 22 kWh/kgCOD, when
the experimental conditions are closed to central values.
The degradation, as COD reduction, was evaluated in a
similar way to decolourisation. The regression equation and
multiple correlation coefficient (R2) were evaluated in order
to test the fit of models (3) and (4). In this case, the exper-
imental data of the COD reduction and the energy consump-
tion per amount of COD fitted well to the empirical second-
order model.
The ANOVA quadratic regression model (Y2) demonstrat-
ed (Tables 6 and 7) that the model was highly significant as the
Fisher F test (F value) was found with a very low probability
value (P value <0.0001) which means that there was only a
0.01 % chance that such model could occur due to noise.
Values of Prob>F less than 0.0500 indicate the model terms
are significant, and values greater than 0.1000 indicate the
model terms are not significant. In this case, A, B, C, AB, AC,
Table 6 ANOVA analysis for response surface second-order model in relation to COD reduction
Source Sum of squares Degrees of freedom Mean square F value Prob>F
Model 0.32 9 0.036 19.31 <0.0001 Significant
A–voltage 0.13 1 0.13 69.00 <0.0001
B–pH 0.060 1 0.060 32.18 0.0002
C–iron concentration 0.081 1 0.081 43.53 <0.0001
AB 0.020 1 0.020 10.94 0.0079
AC 0.013 1 0.013 6.83 0.0259
BC 2.294E−4 1 2.294E−4 0.12 0.7327
A2 0.018 1 0.018 9.76 0.0108
B2 5.583E−3 1 5.583E−3 3.00 0.1138
C2 4.754E−3 1 4.754E−3 2.56 0.1410
Std. dev. 0.043 R squared 0.9456
Mean 0.40 Adj R squared 0.8966
C.V. % 10.82 Pred R squared 0.8927
Adeq precision 18.895
Table 7 ANOVA analysis for response surface second-order model in relation to energy consumption per amount of destroyed COD
Source Sum of squares Degrees of freedom Mean square F value Prob>F
Model 37,851.39 9 4,205.71 53.80 <0.0001 Significant
A–voltage 27,193.69 1 27,193.69 347.84 <0.0001
B–pH 1,684.63 1 1,684.63 21.55 0.0009
C–iron concentration 1,412.22 1 1,412.22 18.06 0.0017
AB 450.06 1 450.06 5.76 0.0374
AC 1,158.00 1 1,158.00 14.81 0.0032
BC 21.71 1 21.71 0.28 0.6097
A2 1,895.71 1 1,895.71 24.25 0.0006
B2 848.26 1 848.26 10.85 0.0081
C2 186.17 1 186.17 2.38 0.1538
Std. dev. 8.84 R squared 0.9798
Mean 45.55 Adj R squared 0.9616
C.V. % 19.41 Pred R squared 0.8871
Adeq precision 25.539
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A2 are significant model terms. Thus, the statistical analysis of
all experimental data showed that all variables had a signifi-
cant effect on RB5 degradation. In both cases, the predictedR2
is in reasonable agreement with the adjusted R2. Adequate
precision measures the signal-to-noise ratio. Thus, this model
can be used to navigate into the design space.
The evaluation of the response surface plots of COD
removal and the energy consumption per destroyed COD
(Figs. 9 and 10) provide a similar behaviour to the one
shown in the evaluation of decolourisation responses. In
Fig. 9, the interactions to evaluate the voltage and pH are
shown when iron concentration is at central levels. As can
be seen, the COD removal efficiency increases when volt-
age augments and pH decreases. Figure 9 shows the great
influence of voltage in energy consumption. However, as it
is shown in Fig. 10, at low voltage the COD removal is low.
In order to determine the optimal conditions, the model
obtained for both responses was employed to make the
optimisation of the working conditions. The optimal work-
ing conditions obtained considering maximum COD reduc-
tion and minimum energy consumption were: voltage,
5.69 V; pH 2.24 and iron concentration, 2.68 mM. The
theoretical COD reduction and the energy consumption per
removed COD are 65.25 % and 35.61 kWh/kgCOD. The
increase in COD removal efficiency can be associated with
the greater production of oxidizing agent. Thus, the high
voltage improved the production of ·OH radicals. These
results are in accordance with several authors (Khataee et
al. 2010; Konstantinou and Albanis 2004; Salari et al. 2009)
who reported that the decolourisation rate was closely linked
to the probability of ·OH radical reacting with dye
molecules; thus, at high oxidizing agent concentration, the
probability is increased.
The overall evaluation of these results indicated that it is
necessary to take a compromising solution in order to obtain
a high COD removal with high decolourisation and low
energy cost. In this case, the optimal conditions were volt-
age, 5.69 V; pH 2.24 and iron concentration, 2.68 mM.
Operating under these conditions, the decolourisation was
around 90 % with an energy consumption of 24.41 kWh/
kgdye, and the COD reduction was 65.25 % with an energy
consumption of 35.61 kWh/kgCOD.
Conclusions
In this work, the central composite face-centred experimen-
tal design matrix and response surface methodology were
applied to design the experiments and evaluate the interac-
tive effects of the three studied parameters. Optimum con-
ditions suggested by the second-order polynomial
regression model for attaining high COD removal (65 %)
with high decolourisation (90 %) and low energy cost
(35.61 kWh/kgCOD and 24.41 kWh/kgdye) were: voltage,
5.69 V; pH 2.24 and iron concentration, 2.68 mM. These
results suggest that the oxidative degradation of dyes under
EFFeAB treatment can be achieved with low cost. More-
over, alginate beads are easily retained into the reactor
attaining dye decolourisation without the addition of other
oxidant agents. Consequently, the stable performance of Fe
alginate beads opens promising perspectives for a fast and
economical treatment of wastewater polluted by dyes or
similar organic contaminants.
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This study  describes  the removal  of  imidacloprid  by a  heterogeneous  electro-Fenton  system  with  iron
alginate  gel  beads  (EF-FeAB).  The  effects  of  the  initial  pH and  initial  concentration  of alginate  beads  (FeAB)
on  the imidacloprid  removal  rate  were  studied.  The  removal  efﬁciency  was  maintained  with an  increase
in  Fe  dosage  and decreased  with  an increase  in  the  initial  pH.  The  optimum  dose  of iron  alginate  gel
beads  (FeAB)  was  found  to be  1.3 mM,  and complete  imidacloprid  removal  was  observed  within  120 mineywords:
ontinuous reactor
lectro-Fenton treatment
e  alginate beads
midacloprid
at  an  initial  pH  of 2. A kinetic  analysis  showed  that the  removal  of  imidacloprid  by  EF-FeAB  followed  a
ﬁrst-order  kinetics  model.  Because  complete  mineralization  was  the  primary  goal, the  main  degradation
routes  of imidacloprid  were  proposed  on  the  basis  of LC–MS  data. Finally,  the  process  was  implemented
in  continuous  mode  with  FeAB in a stirred-tank  reactor.  High  imidacloprid  removals  of 80%  and  90%  were
achieved  by operating  for  residence  times  of  2 and  4  h,  respectively.  The  process  ran  continuously  without
operational  problems,  and  the particle  shapes  were  maintained  throughout  the  oxidation  process.. Introduction
Pesticides are used for controlling, repelling, preventing or
radicating pests and include not only a wide range of chemical
ompounds but also antimicrobial or disinfectant agents. According
o the active chemical groups, the main categories of pesticides are
s follows: organochlorines, organophosphates, organosulfurs, car-
amates, formamidines, dinitrophenols, pyrethroids, nicotinoids,
piosinas, phenylpyrazoles, pyrroles and pyrazoles, among oth-
rs. Despite their positive effects in agriculture, their compositions
ften pose a threat to humans and the environment [1].
Pesticide production and application have progressively
ncreased worldwide during recent decades. Among these
ompounds, imidacloprid [1-(6-chloro-3-pyridylmethyl)-N-
itro-imidazolidin-2-ylideneamine] is a widely used insecticide
ntroduced for agricultural use in the 1990s, and it is mainly used at
he present to control sucking insects in crops (e.g., aphids, leafhop-
ers, thrips, whiteﬂies and termites) [2,3]. Imidacloprid belongs to
he nicotinoid chemical family. Because of their molecular shape,
ize, and charge, nicotinoids ﬁt into receptor molecules in the
ervous system that normally receive the molecule acetylcholine.
midacloprid and other nicotinoids irreversibly block acetylcholine
eceptors. Therefore, imidacloprid is toxic to some species of
quatic animals at extremely low concentrations [2]. In addition,
ccording to the EPA, the high solubility of imidacloprid along with
∗ Corresponding author. Tel.: +34 986 812383; fax: +34 986 812380.
E-mail  address: sanroman@uvigo.es (M.Á. Sanromán).
926-3373/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcatb.2013.07.046© 2013 Elsevier B.V. All rights reserved.
its mobility and potential to leach into ground water are concerns
during its transport to surface water in dissolved runoff [4].
More  and more xenobiotics are being detected in the environ-
ment all the time, especially pesticides. To address the pollution of
agricultural wastewater by pesticides, various treatment processes
have been studied, namely physical treatments (lined evapora-
tive beds and activated carbon adsorption), chemical treatments
(photolysis, hydrolysis and chemical oxidation) and biological
treatments (bacterial degradation) [5–7].
Different advanced oxidation processes (AOPs) have proven to
be powerful oxidative techniques for treating several organic pol-
lutants such as pesticides [8–12]. AOPs are based on the in situ
generation of hydroxyl radicals (•OH), a highly powerful oxidizing
agent. Among these processes, Fenton and electro-Fenton tech-
niques have attracted attention from investigators around the
world. These processes are based on the oxidation of ferrous iron
to ferric iron by hydrogen peroxide (Eq. (1)), releasing a hydroxyl
radical with the capacity to oxidize contaminants.
Fe2+ + H2O2 → •OH + Fe3+ + OH− (1)
The electro-Fenton process uses electric current for the in situ
generation of H2O2 by O2 reduction in the presence of dissolved
Fe2+. Furthermore, the overall process does not create secondary
pollutants because there is a catalytic cycle with Fe3+ species in the
medium that revert to Fe2+ by different reduction processes, which
involve H2O2 or organic intermediate radicals, as well as the direct
reduction of Fe3+ on the cathode. Therefore, the weight of the added
ferrous iron (II) is much smaller than it is in the traditional Fenton
method [13].
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Hence, the electro-Fenton process offers the advantage of avoid-
ng the continuous addition of H2O2, which is an unstable and
otentially harmful compound. In addition, iron recycling reduces
e precipitation at high pH values and the formation of Fe sludge
13]. Several studies have concluded that the electro-Fenton pro-
ess is more economical, efﬁcient and environmentally friendly
or removing organic matter than other conventional processes
14–20]. In recent years, electro-Fenton processing has been shown
o be an effective alternative for the removal of several sub-
tances such as refractory organic compounds from stabilized
andﬁll leachate [21], photographic processing wastewater [22],
ephalexin [23], atrazine [24] and ﬂumequine [25]. In addition,
esticides were also treated with Fenton processes [26–29] to
ood effect. Zhao et al. [30] degraded the pesticide imidacloprid
y employing a Fe3O4@Fe2O3/activated carbon aerogel cathode
ithin a wide range of pHs, leading to 90% removal after 30 min
f treatment.
The main drawbacks in Fenton or electro-Fenton processes are
hat the use of dissolved iron as a catalyst requires its subsequent
emoval from treated water, mostly as iron oxyhydroxide sludge.
or this reason, signiﬁcant efforts have been made in recent years
n the ﬁeld of heterogeneous catalysis to facilitate the reuse of
ron [31–34]. Among the different catalysts used in heterogeneous
enton reactions, iron alginate gel beads (FeAB) have shown high
atalytic activities for the oxidation of organic compounds, with
inimal iron leaching [35–38]. Their immobilization in biopoly-
er matrix beads is a simple, inexpensive and effective technique
37] that permits their operation within a wide range of pHs. Fur-
hermore, FeAB can be continuously reused in batch or continuous
ode for the treatment of synthetic dyes [36,37].
This study focuses on the applicability of FeAB as a heteroge-
eous electro-Fenton catalyst in the degradation of imidacloprid.
he efﬁciency of the electro-Fenton method with iron alginate gel
eads (EF-FeAB) was studied through the reduction of imidacloprid
nd the characterization of imidacloprid transformation products
y LC–MS. Finally, the reusability of this catalyst was shown in
ontinuous mode experiments under ideal operational conditions.
. Experimental
.1. Imidacloprid solution
Imidacloprid  solution (100 mg  L−1) was prepared using an
midacloprid-grade Pestanal analytical standard provided by
igma–Aldrich (Barcelona, Spain).
.2. Iron alginate gel beads (FeAB)
A 2.0% (w/v) sodium alginate solution was  purchased from
igma–Aldrich (Barcelona, Spain) and dropped through a syringe
nto hardening solution composed of 0.05 M Fe3+ (Fe2SO3,
igma–Aldrich (Barcelona, Spain)) to create spherical alginate
eads loaded with Fe [37]. These particles were cured at 4 ◦C for 2 h
n the gelling solution, then ﬁltered and washed repeatedly with
istilled water. Finally, they were stored at 4 ◦C in distilled water
or the degradation study.
.3.  Batch electrochemical reactor set-up
Several batch experiments were completed in an electrochem-
cal cell with a working volume of 0.15 L. The cathode was  formed
rom a graphite sheet (Carbon Lorraine, France) and a Boron-Doped
iamond (BDD) (DiaChem, Germany) electrode was used as an
node. Both portions were connected to a direct current power sup-
ly (HP model 3662). The electrodes (surface 11 cm2) were placed
n opposition to each other with an electrode gap of 6 cm.  A constantironmental 144 (2014) 416– 424 417
potential  drop of 5 V was applied with a power supply (HP model
3662). This value was shown to be optimal by Iglesias et al. [35]. The
process was  monitored with a multimeter (Fluke 175). The reactor
was ﬁlled with imidacloprid solution at the desired pH. The solu-
tion was  agitated with a magnetic stirrer to avoid concentration
gradients.
During the electro-Fenton process (Fig. 1A), a continuous bub-
bling (1 L min−1) of air at atmospheric pressure was maintained in
the reactor around the cathode; this ﬂow started 10 min  before the
electro-Fenton process to reach a stationary O2 concentration. This
bubbling was carried out for the in situ generation of H2O2 by the
electrochemical reduction of oxygen [39]. Under this conﬁguration,
different experiments were carried out using free and immobilized
Fe ion (FeAB) systems according to the selected concentration of
Fe.
2.4. Sample preparation and preservation
For all experiments, 1 mL  samples were taken periodically from
the reactor to be analyzed for pH, pesticide concentration and
degradation product identiﬁcation. The samples were saved in her-
metically sealed glass vials and protected from light. Vials were
stored at 4 ◦C until the analysis.
2.5.  Imidacloprid analysis
The  sample imidacloprid concentrations were determined by
HPLC (Agilent 1100) equipment with an XDF-C8 reverse-phase col-
umn  (150 mm × 4.6 mm i.d., 5 m).  Prior to injection, the samples
were ﬁltered through a 0.45 m Teﬂon ﬁlter. The injection volume
was set at 20 L, and an isocratic eluent (50:50 acetonitrile/water)
was pumped at a rate of 1 mL  min−1 for 5 min. Detection was per-
formed with a diode array detector at 270 nm,  and the column
temperature was  maintained at room temperature.
To identify the transformation products obtained in the imidac-
loprid degradation, several samples were analyzed with HPLC–MS
(Agilent 1100) equipment with an LC column Luna 5  C18 100A.
The samples were ﬁltered through a 0.45 m Teﬂon ﬁlter before
injection. In this case, the isocratic eluent was 98% (1 nM aqueous
sodium formiate and 0.1% formic acid) and 2% (acetonitrile and a
0.1% of formic acid) that was  pumped at a rate of 0.4 mL  min−1 for
40 min. Detection was  carried out with a diode array detector at
220 nm and the column temperature was  maintained at 35 ◦C. The
coupled mass spectrometer was a Hewlett-Packard 5989B with a
detection range from 10 to 2000 Da.
2.6. Kinetic studies
Kinetic  studies were conducted to model the EF-FeAB behav-
ior. The imidacloprid concentration proﬁles were ﬁtted by using a
suitable kinetic equation and the rate constants were calculated by
using SigmaPlot 4.00 (1997) software. The SigmaPlot curve ﬁtter
uses an iterative procedure, based on the Marquardt–Levenberg
algorithm, which seeks the values of the parameters that mini-
mize the sum of the squared differences between the observed and
predicted values of the dependent variable.
2.7. Continuous reactor of EF-FeAB process set-up
An electrochemical cell with the same characteristics as the one
used for the batch experiments was employed (Fig. 1B). The electro-
Fenton reactor had a working volume of 0.15 L with 4.27 g of FeAB
and a working pH value of 2. The H2O2 was produced electrochemi-
cally by bubbling compressed air near the cathode at approximately
1 L min−1. The pesticide solution was  homogenized by a magnetic
stirrer. A dual-headed peristaltic pump was used to maintain a
418 O. Iglesias et al. / Applied Catalysis B: Environmental 144 (2014) 416– 424
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can be explained because Fe3+ precipitates when pH increases and
the dissolved iron concentration is reduced. As shown in Fig. 2,
the oxidation rate of imidacloprid in the presence of FeAB was
slightly higher than the one obtained with free iron, resulting inig. 1. Schematic diagram of electro-Fenton experimental set-up in batch process
upply (3), air supply (4), magnetic stirrer (5); and continuous process. (B) Graphi
upply (4), magnetic stirrer (5), dual-headed peristaltic pump (6), outlet ﬂow (7), in
ontinuous ﬂow of pesticide solution through the reactor. Thus,
he reactor behaved as a continuous stirred-tank reactor (CSTR).
he inlet solution and the reactor were kept in darkness. Sam-
les from the outlet ﬂow were frequently taken to measure the
H and analyze the pesticide concentration. The reactor operated
n continuous mode at residence times of 2 h and 4 h.
An expression that relates the degradation and residence times
as obtained on the basis of the CSTR hydrodynamic behavior and
he ﬁrst order kinetic model. It is shown in Eq. (2).
 = 100 · k  · 
1 + k ·  (2)
here D is the % of degradation, k is the previously observed kinetic
oefﬁcient for the ﬁrst order reaction (min−1) and  is the residence
ime (min).
.  Results and discussion
.1.  Comparing different EAOPs and their kinetics
Different electrochemical processes were carried out in an
lectrochemical reactor with a graphite sheet electrode as the
athode and a BDD electrode as the anode. Although graphite
heet electrodes have been used in previous studies [35,37] for
ye decolorization with satisfactory results, BDD electrodes have
roven to be very powerful anodes [40,41]. The oxidation power
f BDDs can be explained in the following terms: (i) BDD has a
arge O2-evolution overpotential, which promotes the formation
f hydroxyl radicals in large amounts, and (ii) hydroxyl radicals
re physisorbed on BBD surfaces and are therefore more available
o react with organics. A remarkable example of the outstanding
xidation power of this anode was reported by Oturan et al. [24].
In this study, the degradation of imidacloprid by using the
lectro-Fenton process with free and immobilized Fe ions (EF-
eAB) as well as the electrochemical process was tested in an) Graphite sheet acting as cathode (1), BDD electrode acting as anode (2), power
et acting as cathode (1), BDD electrode acting as anode (2), power supply (3), air
w (8).
electrochemical batch reactor. A pH of 2 and a potential drop
of 5 V were selected in response to our previous study [35]. The
electro-Fenton process was  found to be signiﬁcantly more efﬁcient
in the degradation of imidacloprid than the electrochemical pro-
cess (Fig. 2) because the electro-Fenton process adds the effect of
the Fenton reagent, which is electrochemically generated in situ.
Better EF-FeAB process performance can be observed in com-
parison to the electro-Fenton process with free iron. This ﬁndingFig. 2. Percentage of imidacloprid degradation under several AOPs: electrochemical
process  () (working volume of 0.15 L, potential drop 5 V and pH 2); electro-Fenton
treatment () (150 mg L−1 of iron, working volume of 0.15 L, air ﬂow 1 mL  min−1,
potential  drop 5 V and pH 2); and EF-FeAB () (4.27 g of FeAB, working volume of
0.15  L, air ﬂow 1 mL min−1, potential drop 5 V and pH 2).
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Fig. 3. First-order kinetics (ln normalized imidacloprid concentration (CA)
remaining  vs. time) of imidacloprid degradation by electrochemical processing (,
dotted line) (working volume of 0.15 L, potential drop 5 V and pH 2); electro-Fenton
treatment  (, long dash line) (150 mg  L−1 of iron, working volume of 0.15 L, air ﬂow
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Fig. 4. Effect of FeAB on imidacloprid degradation by electro-Fenton treatment with mL  min−1, potential drop 5 V and pH 2); and EF-FeAB (, solid line.) (4.27 g of FeAB,
orking  volume of 0.15 L, air ﬂow 1 mL  min−1, potential drop 5 V and pH 2). Symbols
epresent  the experimental data and line up with the ﬁrst-order kinetic model.
egradation values of 95% and 90% at the end of the treatment,
espectively.
Kinetic studies of the three assayed processes were carried out.
n these experiments, the reaction kinetics were investigated and
he regression coefﬁcients for zero, ﬁrst and second-order reac-
ions were calculated. The results indicated that the degradation of
midacloprid under all the different assayed EAOPs could be quan-
itatively described by a ﬁrst-order kinetic equation (Eq. (3)) with
espect to the pesticide concentration as follows:
dC
dt
= −kC (3)
here C, concentration of imidacloprid (mg  L−1); t, reaction time
min); and k, kinetic coefﬁcient for the ﬁrst order reaction (min−1).
he rate constant values and statistical correlation parameters are
hown in Fig. 3. As expected from the degradation proﬁles, the k val-
es indicate that the decrease in concentration with time is faster
nder the EF-FeAB process (k = 0.0445 min−1) and that the slowest
egradation predictions are those related to the electrochemical
rocess (k = 0.0112 min−1). These results are in accordance with
ther studies performed on the photocatalytic degradation of imid-
cloprid, which employed different states of the catalyst TiO2 to
emonstrate its ﬁrst-order degradation kinetics [42–45]. How-
ver, it is worth mentioning that the ﬁrst-order rate constants
alculated in this study differ in comparison to several photocat-
lytic studies. For example, Zˇabar  [44] studied the photocatalytic
egradation of imidacloprid, thiamethoxam and clothianidin by
mploying a tailor-made photoreactor with six polychromatic ﬂu-
rescent UVA lamps and immobilized titanium dioxide (TiO2) on
lass slides. They determined that within 2 h of photocatalysis, all
hree neonicotinoids were degraded following ﬁrst order kinetics,
ith a rate constant k = 0.035 min−1 for imidacloprid. This value
s lower than that obtained in the EF-FeAB process developed in
his work (k = 0.0445 min−1). These results suggest that imidaclo-
rid is rapidly and efﬁciently degraded by EF-FeAB in comparison
o photocatalytic treatments [44,45]..2. Effects of FeAB dosage
As  mentioned in the literature [46–50], several polymer net-
ork gels could be used for the removal of inorganic and organica working volume of 0.15 L, air ﬂow 1 mL  min−1, potential drop of 5 V and pH of 2.
Symbols: 4.27 g (♦), 8.54 g (), 12.81 g (©) and 16.84 g ().
contaminants present in wastewater. Furthermore, the use of this
type of gels has already been studied as a catalyst in electro-
Fenton reactions [35–37]. Rosales et al. [37] evaluated the removal
of some typical dyes, such as lissamine green B and azure B, by
using iron alginate gel beads as catalysts for the electro-Fenton
process, reaching a 98–100% removal in successive batches and
a 97–98% of decolorization in a continuous bubble reactor with
a residence time of 30 min. Taking into account these previous
studies, EF-FeAB was  assayed for its degradation of imidacloprid
by evaluating the effect of the FeAB load on the electrochemical
reactor. Thus, the EF-FeAB was carried out with 4.27, 8.54, 12.81
and 16.84 g of FeAB (corresponding with 1.3, 2.6, 3.9 and 5.2 mM
of Fe, respectively) at pH 2, a potential drop of 5 V and an air ﬂow
of 1 L min−1. Fig. 4 shows the percentage of imidacloprid degra-
dation with time by EF-FeAB at different FeAB weights. Notably,
the removal of pesticide from the solution was faster with lower
FeAB weights, and greater than 95% degradation was detected in
all cases after 2 h of treatment. For this reason, the effect of the
loaded FeAB on the reactor, at least within the studied range, is
low. Therefore, the iron concentration necessary for this process
is the one contained in 4.27 g of FeAB. The increased FeAB con-
tent did not provide positive effects; on the contrary, a delay in
imidacloprid oxidation rates was  observed when the weight of
the beads was increased in the medium. The FeAB increase in the
medium reduced the current intensity; therefore, the reactions
over the electrodes were reduced as well. As a result, 4.27 g of
FeAB was  the chosen weight for studying other variables such as
the pH.
3.3. Effect of solution pH
The  efﬁcacy of the Fenton reactions depends on the pH;  there-
fore, its impact on the catalytic activity of FeAB was studied
for imidacloprid degradation. For this purpose, several experi-
ments were performed at pH 2, 3, 5 and 7 containing 4.27 g FeAB
(Fig. 5).
As  shown in Fig. 5, there is a clear pH effect over the EF-FeAB
degradation of imidacloprid. This ﬁnding is in agreement with the
optimal value for the Fenton treatment as reported by Iglesias et al.
[35]. As shown in Fig. 5, degradation is faster at the lowest pH,
and good results are attained at pH 3 and even at pH 7. At pH 7,
more than 90% imidacloprid degradation was  obtained after 200 h.
Therefore, the electro-Fenton process is efﬁcient at a neutral pH
420 O. Iglesias et al. / Applied Catalysis B: Env
Fig. 5. Effect of pH on imidacloprid degradation by EF-FeAB with a working volume
of 0.15 L, air ﬂow of 1 mL min−1, potential drop of 5 V and 4.27 g of FeAB. Symbols:
pH  2(), pH 3(), pH 4 () and pH 7 ().
Fig. 6. LC–MS proﬁle of imidacloprid in an EF-FeAB treatment with a working volume 
different treatment times (initial, 30 min  and 60 min).ironmental 144 (2014) 416– 424
with a slow reduction in the degradation rate. Even if no iron sludge
is produced because of its immobilization on alginate beads, reac-
tions are much more favorable under acidic conditions as described
by Zhao et al. [30]. The pH affects the speciation of iron ions and
the decomposition of H2O2 into O2 and H2O [51]. In addition, the
oxidation potential of hydroxyl radicals was  reduced at higher pH
values from E0 = 2.8 V to E14 = 1.96 V [52].
Hydrogen peroxide decomposition produces a slower degra-
dation at higher pH values; nevertheless, the continuous
electrogeneration of H2O2 by means of aeration maintains its
concentration in the medium. Consequently, the degree of imidac-
loprid depletion after longer periods of treatment is very similar
at a pH between 2 and 7. Moreover, Rosales et al. [37] previ-
ously reported that the ionic cross-links between the carboxyl
group on the alginate chains and the Fe ions prevents the forma-
tion of Fe(OH)3 and eliminates the negative effect of iron sludge
generated by the classic Fenton oxidation process at higher pH
values. Hence, the FE-FeAB has good degradation behavior for the
treatment of efﬂuents containing the pesticide imidacloprid within
a wide pH range.
of 0.15 L, air ﬂow of 1 mL min−1, potential drop of 5 V, pH 2 and 4.27 g of FeAB at
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Table  1
LC–MS identiﬁcation of the chemical structure, retention time and main mass fragmentation values of identiﬁed imidacloprid intermediates formed during the EF-FeAB
process.
Identiﬁcation number Compound Formula Structure Retention time (min) Main mass
fragmentation value
(m/z)
1 Imidacloprid C9H10ClN5O2 33.8 278
2 4-Hydroxy derivative C9H10ClN5O3 29.9–27.5 294
3 5-Hydroxy derivative C9H10ClN5O3 29.9–27.5 294
4 Cyclic guanidine derivative C9H11ClN4 15.1 211
5 Cyclic urea C9H10ClN3O 29.4 234
6 Nitroso derivative C9H10ClN5O 27.7 262
7 Oleﬁnic cyclic guanidine C9H9ClN4 20.5 209
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t.4. Analysis of imidacloprid degradation compounds
EF-FeAB treatment of imidacloprid solution led to the formation
f different intermediate species until the pollutant was com-
letely mineralized. The degradation compounds were identiﬁed
y LC–MS analysis because it is best suited to detect these com-
ounds [3,53,54].
The  identiﬁcation was based on mass fragmentation values
Table 1) and by comparing the mass spectra to a database. The
nitial solution and samples from different treatment times at
H 2 and pH 7 were analyzed. The EF-FeAB generates several
ompounds; however, this study focuses on the main com-
ounds described in Table 1 that have already been identiﬁed
n several works [3,6,44,55–57]. Fig. 6 shows the LC–MS results
t different treatment times and pH 2. Taking into account
he intensity of the signal, a decrease in the concentration ofimidacloprid  and its derivatives can be observed with treat-
ment time. The ﬁnal analysis of samples after 24 h of treatment
indicated the complete removal of any compounds. As shown
in Fig. 5, the imidacloprid degradation proﬁles from EF-FeAB
under higher pH values were much slower. The LC–MS study
also allowed for the identiﬁcation of two intermediates at pH 7
(Table 1 (6) nitroso derivative and (7) oleﬁnic cyclic guanidine)
that are not present at pH 2 because of its faster degrada-
tion.
The most substantial changes in the imidacloprid molecule were
studied according to its intermediates. There are several atoms
on the imidacloprid molecule that undergo chemical alterations
to create the main degradation compounds as reported by John-
son [58]. Fig. 7 describes the main changes in the imidacloprid
molecule that took place to generate the compounds described in
Table 1.
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Fig. 7. Main changes in the imidacloprid molecule taking place in the EF-FeAB:
(1)  R2CH2 → R2C(OH)H generation of 4-hydroxy derivative; (2) R2CH2 → R2C(OH)H
generation  of 5-hydroxy derivative; (3) N NO2 → N NO generation of nitroso
derivative;  (4) N NO2, N NO → NH generation of cyclic guanidine deriva-
tive;  (5) R CH2 CH2 R → R CH CH R generation of oleﬁnic cyclic guanidine
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drom  cyclic guanidine derivative; (6) NH (from cycled guanidine derivative) → O
eneration of cyclic urea.
From these compounds, a plausible mineralization sequence
as proposed for imidacloprid degradation during the EF-FeAB
rocess (Fig. 8). This pathway is in accordance with studies reported
y Roberts and Hutson [55] for natural degradation. In addition,
any of these compounds are also found in other degradation pro-
esses such as microbial degradation in soils [56,57], ozonation
6] and photo-degradation [3,44]. There are several intermedi-
tes and by-products of imidacloprid degradation but the reaction
elocities are unknown; in this study, a process simpliﬁcation is
hown.
.5. Continuous mode
Rosales  et al. [37] demonstrated the reusability of FeAB
n batch and continuous modes of the electro-Fenton pro-
ess for the decolorization of several dyes. Accordingly, a
ontinuous mode was tested to evaluate the activity and sta-
ility of the catalytic action of FeAB and to minimize site
ig. 8. Plausible degradation pathway of imidacloprid by the EF-FeAB method. (1) Imid
erivative; (5) Cyclic urea; (6) Nitroso derivative; (7) Oleﬁnic cyclic guanidine; (8) 6-chloFig. 9. Degradation proﬁle of imidacloprid by EF-FeAB treatment in batch and con-
tinuous modes with a working volume of 0.15 L, air ﬂow 1 mL min−1, potential drop
5 V, pH 2 and 4.27 g of FeAB at different residence times.
requirements for the treatment of large amounts of wastewa-
ter. Several imidacloprid treatments with EF-FeAB at different
residence times were carried out. In all cases, each steady
state was maintained for at least three times the residence
time. The process took place in a reactor of similar character-
istics to the one used for batch experiments and described in
Section 2.7.
Fig.  9 shows the increase of degradation with the residence time,
attaining 80% for a residence time of 2 h and 90% for a residence
time of 4 h. In addition, the theoretical degradation values were
calculated using Eq. (2) for the two  employed residence times, and
they are represented in Fig. 9 as the long dashed line. The proposed
model was able to satisfactorily describe the imidacloprid degra-
dation data and to serve our goal of properly characterizing the
kinetics of the remediation process.
Therefore, these experiments conﬁrm that EF-FeAB treatment
can be used for real efﬂuents. It is remarkable that the system
was able to operate in continuous mode to treat a pesticide such
acloprid; (2) 4-hydroxy derivative; (3) 5-hydroxy derivative; (4) Cyclic guanidine
ronicotinic acid.
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s imidacloprid without operational problems and still reach high
egradation percentages.
.  Conclusions
In the present work, the electro-Fenton process used FeAB as a
atalyst for the degradation of imidacloprid pesticide. The perfor-
ance of this technique is characterized by the following:
 The EF-FeAB was probed to achieve better degradation results
compared  to electrochemical degradation and classical electro-
Fenton  processes.
 The process does not require a high volume of alginate gel beads
and  it works at several pH values (2–7), and better results are
attained  under acidic conditions. Furthermore, immobilization
prevents iron precipitation at a high pH and its continuous addi-
tion.
 It is feasible to use this methodology in a continuous reactor with-
out operational problems.
 The degradation compounds were identiﬁed and a plausible
degradation pathway was proposed.
The  EF-FeAB treatment application proved to be a good degrada-
ion method for imidacloprid, which is a widely used neonicotinoid
esticide with known toxicity.
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Abstract In this study, electro-Fenton dye degradation
was performed in an airlift continuous reactor configu-
ration by harnessing the catalytic activity of Fe alginate
gel beads. Electro-Fenton experiments were carried out
in an airlift reactor with a working volume of 1.5 L, air
flow of 1.5 L/min and 115 g of Fe alginate gel beads.
An electric field was applied by two graphite bars
connected to a direct current power supply with a con-
stant potential drop. In this study, Lissamine Green B
and Reactive Black 5 were selected as model dyes. Fe
alginate gel beads can be used as an effective hetero-
geneous catalyst for the degradation of organic dyes in
the electro-Fenton process, as they are more efficient
than the conventional electrochemical techniques. At
optimal working conditions (3 V and pH 2), the contin-
uous process was performed. For both dyes, the degree
of decolourisation increases when the residence time
augments. Taking into account hydrodynamic and kinet-
ic behaviour, a model to describe the reactor profile was
obtained, and the standard deviation between experi-
mental and theoretical data was lower than 6 %. The
results indicate the suitability of the electro-Fenton tech-
nique to oxidise polluted effluents in the presence of Fe
alginate gel beads. Moreover, the operation is possible
in a continuous airlift reactor, due to the entrapment of
iron in the alginate matrix.
Keywords Airlift .Decolourisation .Dye . Electro-Fenton .
Fe-immobilised alginate
Introduction
Dyes are widely used in the textile, rubber, paper, plastic
and cosmetic industries for various dyeing processes (Malik
2003). Among these, the textile industry consumes large
volumes of water and chemicals and generates large vol-
umes of effluents, which once discharged, can cause serious
problems to the environment due to high organic loading,
toxicity and aesthetic pollution related to colour. Even in the
presence of very low concentrations of dye, colour contam-
ination causes considerable environmental pollution be-
cause they absorb and interfere with the penetration of
light in water bodies and may affect the aquatic biota
(Robinson et al. 2001).
Decolourisation of industrial textile wastewater can be
achieved by chemical and physical methods (such as ad-
sorption, biosorption, membrane filtration, coagulation by
salts and chemical degradation) and biological treatment.
These methods have many disadvantages in terms of effi-
ciency, cost, regeneration or secondary pollution. Therefore,
environmental pressures necessitate a different strategy for
technological development. In recent years, advanced oxi-
dation technologies (AOTs) have been used as a promising
alternative to degrading toxic organic compounds into CO2
and water. The AOTs are based on the in situ generation of
very reactive and non-selective hydroxyl radicals (·OH),
highly powerful oxidising agents and are effective in the
treatment of persistent organic pollutants in aqueous solu-
tions until their overall mineralisation (Hammami et al.
2008; Garcia-Segura and Brillas 2011). However, AOTs
for water and wastewater treatment, while showing high
efficiency, have a high cost of both investment (complex
installations) and operation (higher consumption of energy
and/or reagents). This makes these processes useful only
when the cheaper options are not effective (Chamarro et
al. 2001). Novel, low cost and efficient processes are
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needed, in view of more stringent environmental regulations
and, in this context, processes such as electrochemical
(Gupta et al. 2007a; Sirés and Brillas 2012), Fenton (Li et
al. 2012), photo-catalytic degradation (Gupta et al. 2007b;
2012a, b), photoelectro-Fenton (Brillas et al. 2007; Ruiz et
al. 2011b; Salazar et al. 2011; Zarei et al. 2010) and electro-
Fenton (Garcia-Segura et al. 2011; Murati et al. 2011;
Oturan et al. 2012) are being tested by researchers for the
treatment of wastewater.
The Fenton process is one of the most widely used AOTs.
In general, the Fenton’s reagent is a mixture of hydrogen
peroxide and ferrous ion in an acidic medium, and the
reaction that takes place is shown in Eq. 1.
Fe2þ þ H2O2!OHþ Fe3þ þ OH ð1Þ
In the electro-Fenton process, the H2O2 is produced
electrochemically via oxygen reduction on the cathode; then
the addition of Fe2+ into the system analogously generates
the ·OH radicals in the classical Fenton reaction (Eq. 1).
Moreover, ferric ions (Fe3+) generated are effectively
electro-regenerated to ferrous ions (Fe2+), as shown in
Eq. 2. The catalytic behaviour of the Fe3+/Fe2+ system
mainly depends on the operational conditions, such as the
type of cathode used (Sirés et al. 2007).
Fe3þ þ e ! Fe2þ ð2Þ
Several reports (Brillas et al. 2009; Özcan et al.
2009; Panizza and Oturan 2011) have demonstrated that
the electro-Fenton process is more economical and effi-
cient in removing organic matter compared to the con-
ventional processes. In addition, the process is
environmentally friendly due to the use of electricity
as a clean energy source, so the overall process does
not create secondary pollutants (Dirany et al. 2011;
Garcia-Segura et al. 2012; Isarain-Chávez et al. 2011;
Méndez-Martínez et al. 2012; Ruiz et al. 2011a).
Today, industrial activities constantly produce col-
oured wastewaters in need of treatment. Therefore, it
is necessary to validate an adequate technique to con-
tinuously remediate coloured streams. For this reason, it
is further necessary to improve the electro-Fenton tech-
nology in order to reduce investment and operation
costs. A possible solution is the development of flow
reactor systems, in which the electro-Fenton process can
be carried out in a continuous mode. However, the main
drawback of this operational mode is the retention of
iron species inside the reactor. To solve this problem,
entrapping iron in a polymer matrix such as alginate
could be a workable solution.
Chitin and alginate are among the most versatile marine
biopolymers (Shi et al. 2005). Both biopolymers were used
by Li et al. (2012) to synthesise magnetic nano-gel beads
using ionically cross-linked chitin/alginate. They dem-
onstrated that the iron oxide nanoparticles were dis-
persed uniformly in the chitin/alginate matrix, as the
result of a strong interaction between iron oxide and
the polymers. In a previous work, Tao et al. (2008)
reported the development of an effective photocatalytic
treatment system, by means of immobilising iron ions
onto polyelectrolyte microshells. The microshells are
constructed through an electrostatic layer-by-layer as-
sembly technique in which alginate sodium and chito-
san, along with iron and perchloric acid are used as
shell wall components.
On the other hand, Dong et al. (2011) studied the
preparation of Fe alginate gel beads. The gel beads
were evaluated as heterogeneous Fenton catalysts for
oxidative degradation of two typical azo dyes—
Reactive Blue 222 and Acid Black 234—in the presence
of H2O2 under visible light irradiation. Their results
indicated that Fe3+ ions are coordinated with oxygen
atoms in the carboxyl groups of glucose chains of
alginates to form the Fe alginate gel beads and that
the Fe3+ ion is a central cation with a coordination
number of 6 in the complex. Fe alginate gel beads
played a strong catalytic role in the degradation of the
azo dyes, and the aromatic parts of the dyes remarkably
revealed that they can be decomposed and mineralised.
These results are in accordance with our previous
reports (Iglesias et al. 2012; Rosales et al. 2012a), in
which we had studied the application of the electro-
Fenton technique by use of the catalytic activity of Fe
alginate gel beads for the remediation of wastewater
contaminated with synthetic dyes. However, more stud-
ies are necessary in order to develop new systems that
permit the treatment of effluents in a continuous mode.
The aim of this work is to design an electro-Fenton
airlift continuous reactor to treat coloured effluents in a
continuous mode at the bench scale by use of the
catalytic activity of Fe alginate gel beads developed in
previous studies (Iglesias et al. 2012; Rosales et al.
2012a). To analyse the technique’s capacity, Lissamine
Green B and Reactive Black 5 dyes with complex
aromatic ring structures were used as model pollutants.
Material and methods
Material
Dye In this work, solutions of Lissamine Green B and
Reactive Black 5, provided by Sigma-Aldrich (Barcelona,
Spain), were used in order to evaluate the electrochemical
and electro-Fenton treatments. Their structures and proper-
ties are shown in Table 1.
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Catalyst preparation and characterisation
A solution of sodium alginate 2.0 % (w/v), purchased from
Sigma-Aldrich (Barcelona, Spain), was dropped into a hard-
ening solution composed of 0.15 M BaCl2·2H2O (Panreac
Quimica, Barcelona, Spain) and 0.05 M Fe2(SO4)3·H2O
(Sigma-Aldrich, Barcelona, Spain) by a peristaltic pump
and spherical alginate beads were formed (Kim et al.
2010). These newly formed particles were cured at 4 °C
for 2 h in the gelling solution, then filtered off and washed
repeatedly with distilled water and finally stored at 4 °C in
distilled water for the dye degradation study. Particles of
different sizes (diameter, 2, 3 and 4 mm) were obtained by
using the peristaltic pump (Masterflex L/S Digital Drive,
0.02–100 rpm, Fisher Scientific, Spain), with tubing of 12″,
13″ and 14″.
Scanning electron microscopy (SEM) of iron alginate
beads was performed on a JEOL JSM-6700F, equipped with
an energy-dispersive spectrometry (EDS) Oxford Inca
Energy 300 SEM and using an accelerating voltage of
20 kV (Electron Microscopy Service, C.A.C.T.I.,
University of Vigo). The beads in the wet state were frozen
in liquid nitrogen and then freeze-dried. The freeze-dried
beads were coated with C for SEM observation.
Electro-Fenton and electrochemical treatments
An airlift glass reactor (Biostat B, Braun, Germany)
with a cylindrical body and a working volume of
1.5 L was utilised (Fig. 1). Experiments were carried
out using, as both cathode and anode, graphite electro-
des immersed in an area of 84.16 cm2, and an electrode
gap of 10 cm (Fig. 1). The graphite electrode bars
(Goodfellow Cambridge Limited, UK) were fixed in
caps. A constant potential difference was applied with
a power supply (HP model 3662, Agilent Technologies
Spain, S.L.), and the process was monitored with a
multimeter (Fluke 175, Fluke Corporation).
In the electro-Fenton treatment, the reactor was filled
with 115 g of these beads with an iron concentration of
2.68 mM. Moreover, H2O2 was produced electrochemically
via oxygen reduction on the cathode, and a continuous air
flow (1.5 L/min) was introduced at the reactor bottom. The
(2)
(1)
(3)(4)
(6)
(6)
(5)
Fig. 1 Schematic diagram of electro-Fenton experimental set-up: 1
power supply, 2 air compressor, 3 cathode, 4 anode, 5 control unit, 6
pumps
Table 1 Dye class, chemical structures, wavelength at maximum absorbance and concentration used for the different dyes employed
Dye Type C.I. Structure max(nm) Concentration(mg/L)
Lissamine 
Green B Diphenylnaphthyl-
methane 44090
N
+ CH3CH3
N
CH3
CH3
OH
S
O
O
O
S OO
ONa
633 30
Reactive 
Black 5 Di-azo 20505
S
O
O
O
S
O
O
NaO
S O
ONaO
S
O
O ONa
NNS
O
OOS
O
O
NaO
NH2
OH
NN
597 100
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air was generated turbulences that permit the mixture of the
fluid and avoid a concentration gradient.
In the flow reactor systems, the airlift reactor used was
that described above. Dye solutions were continuously
pumped into the reactor with different residence times.
Samples of reaction mixtures were taken from the airlift
reactor to be analysed for residual dye concentration. A
control test with no electric current was conducted in paral-
lel. The experiments were performed at room temperature
(22 °C).
Hydrodynamic behaviour of airlift reactor
The hydrodynamic behaviour of the airlift reactor was
studied through residence time distribution (RTD)
curves. The RTD curves were obtained by perturbation
via a pulse injection with concentrated NaOH solution
at the inlet of the airlift reactor without direct current.
Then, the changes in pH were measured along with
time in the outlet stream.
Dye decolourisation
The absorption spectrum showed a single peak with a strong
absorption in the visible region at the wavelength indicated
in Table 1. Therefore, the initial and residual dye concen-
trations were measured spectrophotometrically (Unicam
Helios β, Thermo Electron Corp.) from the peak. Dye
decolourisation was expressed in terms of percentages.
D ¼ Ai  At
Ai
 100 ð1Þ
where D is decolourisation (in %); Ai and At are the areas
under the dye curves at the initial and through time, respec-
tively. The assays were performed twice, the experimental
error was calculated as a standard deviation (SD) and in all
cases the SD was below 3 %.
Energy consumption
In addition to dye decolourisation efficacy, another specific
energetic parameter such as energy consumption per decol-
ourised dye mass is useful. In this study, energy consump-
tion per decolourised dye mass was determined by
following Eq. 2.
Energy consumption kWh kgdye=ð Þ ¼ I  V  t
Δmdye
ð2Þ
where I is the average applied current (A), V is the cell
voltage (V), t is the treatment time (h) and Δmdye is the
dye mass removed (g).
Decolourisation rate
The concentration profiles of the dyes fitted a suitable
kinetic equation, and the rate constants were calculated by
using SigmaPlot 4.00 (1997) software. The SigmaPlot curve
fitter uses an iterative procedure, based on the Marquardt–
Levenberg algorithm, which seeks the values of the param-
eters that minimise the sum of the squared differences be-
tween the observed and predicted values of the dependent
variable.
Results and discussion
In this work, Lissamine Green B and Reactive Black 5 were
selected as model dyes, due to recent reports (Deive et al.
2010; Diwaniyan et al. 2010) revealing the difficulty of
degrading both dyes. In addition, following the results
obtained in our previous studies (Iglesias et al. 2012;
Rosales et al. 2012a), graphite was used in this reactor as
cathode material for the electro-generation of H2O2 and the
effects of key variables were evaluated in order to design an
efficient electro-Fenton reactor capable of operating in a
continuous mode.
Catalyst characterisation
In Fig. 2, a typical surface morphology of the obtained
dry spherical beads is shown using scanning electron
microscopy images. It is well known that ionic cross-
links will form when alginate makes contact with Ca2+
to form the “egg-box” structure. In Fig. 2, this form is
detected in the undulating surface of these beads.
Moreover, Shi et al. (2005) and Degen et al. (2009)
Fig. 2 Scanning electron microscopy images of the dry Fe alginate gel
beads
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reported the multivalent counter-ions as cross-linking
molecules for the formation of three-dimensional algi-
nate gels. Therefore, when alginate droplets are im-
mersed in ferrous aqueous solution, ionic cross-links
can be established between the carboxyl group of the
alginate chains and Fe.
The homogenous distribution of Fe in the beads was
confirmed by SEM image and EDS mapping analysis. It is
clear that the beads have spherical shape and that the inner
surface filled with iron is denser.
In this study, Fe alginate gel beads were produced by
reacting sodium alginate with Fe3+ ions in an aqueous
solution. Initially, the study of the effects of the diam-
eter of the beads in decolourisation was carried out
using particles of different size (diameter, 2, 3 and
4 mm). It was evident that the degree of decolourisation
obtained varied insignificantly with the diameter of the
beads, suggesting that the efficiency of decolourisation
was barely affected by the size of the beads when their
diameters were between 2 and 4 mm. Therefore, in the
present study, Fe alginate beads with mean diameters of
3 mm were used in all experiments.
Conventional electrochemical process versus electro-Fenton
with Fe alginate beads
In this work, a graphite electrode was selected to de-
velop the electro-Fenton process because it is a better
cathode material for electro-generation of H2O2 than
metal cathodes such as copper, stainless steel, lead and
nickel, which are likely to decompose H2O2 (Rosales et
al. 2009; Sudoh et al. 1985). Additionally, this electrode
permits an adequate H2O2 production according to the
ratio Fe/H2O2, which is necessary for the Fenton reac-
tion to take place (Wang et al. 2010).
The decolourisation of Lissamine Green B under the
electrochemical and electro-Fenton processes with
immobilised Fe ions in alginate beads was tested in
the electrochemical airlift reactor described in the mate-
rial and methods section. A pH of 2 was selected in this
test due to a previous study (Rosales et al. 2009). As
seen in Fig. 3, the decolourisation of Lissamine Green
B in the presence of Fe alginate beads increased the
reaction rate significantly, and high colour removals
(greater than 85 %) were reached in a shorter treatment
time (90 min). After the experiments, negligible
Lissamine Green B dye presence was detected in the
electrodes and Fe alginate beads.
These dye concentration profiles allow for an evalu-
ation of the kinetic behaviour of this reaction. The
obtained data were adjusted to the zero-order (3), first-
order (4) and second-order (5) equations. In both cases,
the best fit was obtained when a first order kinetic
expression was used (4).
 dC
dt
¼ k ð3Þ
 dC
dt
¼ k  C ð4Þ
 dC
dt
¼ k  C2 ð5Þ
where C is the concentration of the dye (mg/L), k is the
kinetic coefficient for the first-order reaction (min−1) and t is
the reaction time (min).
As seen in Fig. 3, in both cases the theoretical model
present in Eq. 4 exhibits a good fit to the experimental data
(R2 0.99). The kinetic parameters for Lissamine Green B
decolourisation by the electro-Fenton and electrochemical
processes were 0.0152 and 0.004 h−1, respectively.
Therefore, these results clearly indicate that the decolourisa-
tion of dyes using Fenton’s reagent (H2O2, Fe-alginate
beads) is more efficient than the conventional electrochem-
ical process.
Optimisation of electro-Fenton operational conditions
Several variables play an important role in assuring the
efficiency of the electro-Fenton process (Iglesias et al.
2012; Rosales et al. 2012b). In this work, voltage and pH
were evaluated as key variables of this process. Initially, at
pH 5 the effect of the voltage (1 to 8 V) was evaluated.
Figure 4 shows the great influence of voltage on the decol-
ourisation of Reactive Black 5 and energy consumption
(EC). As seen, the decolourisation efficiency increases when
the voltage is augmented. These results are in accordance
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Fig. 3 Electrochemical and electro-Fenton treatment of Lissamine
Green B
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with the previous ones obtained using electro-Fenton with
free iron, where the higher decolourisation of Azure B dye
was obtained at 14.19 V (Rosales et al. 2012c). Similarly,
Zhang and Bai (2011) determined that the removal of
Methyl Orange by electro-Fenton technology became more
effective with increasing operational voltage, concentration
of electrolyte and reaction time. Li et al. (2011) studied the
treatment of phenol wastewater by changing the pH, elec-
trolysis voltage and dosage of iron in the electro-Fenton
process, determining that when the pH was 3 and the elec-
trolysis voltage was 15 V, the removal of phenol wastewater
was most effective, reaching a value of 91.85 %.
However, as can be observed in Fig. 3, the EC also
increases at high voltage reducing the economic viability
of the process. Therefore, it is necessary to compromise in
seeking a solution, to obtain high decolourisation at low
energy cost. In this case, a voltage of 3 V is adequate, when
taking into account the energy cost (103.84 kWh/kgdye) and
the decolourisation level of 52 %.
In addition, operating at 3 V, several experiments were
performed at pHs 2, 5 and 7 in a Reactive Black 5 solution.
After 2 h of treatment, the decolourisation obtained was 60, 52
and 48 % at pHs 2, 5 and 7, respectively. The results indicated
that the pH of the solution has an influence on Reactive Black
5 decolourisation with the highest oxidation activity achieved
at pH 2. This agrees with the reported results in the literature
where electro-Fenton was used with free iron. In several
papers, it was reported that the Fenton reaction has the highest
efficiency when the pH is between 2 and 4 (Li et al. 2011; Lu
et al. 2003; Rosales et al. 2009; Ting et al. 2009; Zhang et al.
2005). The highest electro-Fenton activity in the Methyl Red
degradation was attained beneath a pH of 3, while at pH 5 the
level was only 63.8 % of dye removal at pH 3 (Zhou et al.
2007). A similar effect was detected in the degradation of
other organic compounds. Li et al. (2007) and Liu et al.
(2007) evaluated the degradation of 2,4-dichlorophenol at
several pH values (from 1 to 9) and determined that maximum
efficiency was obtained at pHs 2.5–3.0. Similarly,
Masomboon et al. (2010), in the degradation of 2,6-dimethy-
laniline, confirmed that pH has a sharp influence on the
electro-Fenton reaction with a maximum reaction rate at
pH 2. In addition, the decolourisation of Reactive Black 5
by the Fenton system was investigated by Argun and Karatas
(2011). They also reported that the decolourisation efficiency
decreased from 99 to 82 % with an increase in pH from 2.0 to
6.0 because the dissolved fraction of iron decreased when pH
increased. Notably, by utilising the heterogeneous Fenton
catalysts designed in this study, the formation of iron precip-
itate is avoided due to the ionic cross-links between the
carboxyl group on alginate chains and Fe. By using iron
alginate beads, it is possible to overcome the narrow pH range
of the Fenton and electro-Fenton processes that limits the wide
application of this technology in wastewater treatment. This
behaviour was also detected by Dong et al. (2011). They
studied the applicability of Fe alginate gel beads for oxidative
degradation of azo dyes by photo-Fenton technology at pHs
between 3 and 8. Their results indicated that Fe alginate gel
beads have excellent catalytic performance in an acidic medi-
um. However, the decolourisation levels reached at a pH of
8 suggest that the beads can provide an acceptable catalytic
activity at alkaline conditions.
Dye adsorption on alginate beads
Some of the technologies developed in order to remove dyes
from wastewaters are based on the extraction of dyes by
adsorption, which relies on the utilisation of solid adsorb-
ents without chemical degradation (Jain et al. 2003; Saleh
and Gupta 2012). In several reports, the applicability of
different waste materials—such as hen feather (Mittal et al.
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2012a, b), de-oiled soya (Gupta et al. 2006a; Mittal et al.
2009a), carbon slurry (Gupta et al. 2007c, d, 2010; Gupta
and Ali 2008), green alga Oedogonium hatei (Gupta and
Rastogi 2009), activated carbon and activated rice husks
(Gupta et al. 2006b), mesoporous carbon developed from
waste tire rubber (Gupta et al. 2011), wheat husks (Gupta et
al. 2007e) or bottom ash (Gupta et al. 2006a; Mittal et al.
2009b)—to the removal of several dyes and pollutants was
determined. Therefore, taking into account the possible ad-
sorption of dye on an alginate gel, several adsorption studies
were carried out for both dyes. Initially evaluated was the
adsorption of dyes onto alginate beads without an electrical
field. The results obtained for both dyes showed that a dye
adsorption lower than 10 % is attained when the beads are in
contact for more than 2 h. On the other hand, it was deter-
mined that the dyes are not fixed onto the alginate beads
when the electro-Fenton process takes place because the dye
was not detected in the solution obtained after dissolving
alginate beads in a 5 % sodium citrate solution. Therefore,
these results revealed that the mechanism here involves
adsorption onto the alginate gel, followed by rapid degrada-
tion by the Fenton reaction.
Degradation of Lissamine Green B and Reactive Black 5
in a continuous airlift reactor
Currently, technologies that can treat large quantities of
wastewater with relatively small site requirements are of
particular importance. It is essential to develop new reactors
for the treatment of wastewater using electro-Fenton tech-
nology. The choice of a suitable reactor is inseparably
connected with the requirements and characteristics of the
process and the engineering aspects. Continuous operation
requires separation of the catalyst, representing cost and
further operational time; moreover, abrasion of the catalyst
and the generation of very fine particles may occur. For this
reason, the use of a stirred tank reactor with mechanical
devices is unsuitable for this process.
The electro-Fenton process with iron alginate beads is
a gas–liquid–solid three-phase system: gas (the air nec-
essary to generate H2O2), liquid (an effluent with pol-
lutants) and solid (Fe-alginate beads). Therefore, newly
developed electro-Fenton reactors must provide some
advantages, such as better mixing, closer contact among
the gas–liquid–solid phases, a faster oxygen transfer rate
and higher operational flexibility. Thus, the airlift reac-
tors appear to meet the necessary requirements for the
continuous treatment of effluents by the electro-Fenton
process, through the use of the catalytic activity of Fe
alginate gel beads.
To examine the effects of the treatment time on the
activity and stability of the catalytic action of the Fe
alginate gel beads, the decolourisation of Lissamine
Green B and Reactive Black 5 was carried out in a
continuous treatment system working at different resi-
dence times. In all cases, each steady state was main-
tained for at least three times the residence time. The
degree of decolourisation increases with increasing res-
idence time, as is shown in Figs. 5 and 6. When
Lissamine Green B was treated, the degree of decolour-
isation reached values approximately 76 and 81 % over
the longer residence times. Similarly, at longer residence
times, the Reactive Black 5 decolourisation level was
approximately 87 %.
Finally, a model to describe the reactor behaviour has
been developed. The hydrodynamic behaviour of the airlift
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reactor was studied through the residence time distribution
curves, as discussed in Section 2.4, and its behaviour was
compared to ideal reactor models. The RTD curves show that
from the hydrodynamic behaviour of the airlift reactor it can
be assumed that the reactor presents ideal CSTR behaviour. In
addition, the kinetic studies with both dyes revealed that the
decolourisation of Lissamine Green B and Reactive Black 5
follows a first-order kinetic equation (Eq. 4) with respect to
the dye concentration. The first-order kinetic constant was
0.0152 and 0.00846 min−1 for Lissamine Green B and
Reactive Black 5, respectively. Based on hydrodynamic be-
haviour and a first order kinetic model, the expression that
relates decolourisation and residence time is obtained (6).
D ¼ k  t
1þ k  t ð6Þ
where k is the previously obtained kinetic coefficient for the
first-order reaction (min−1) and τ is the residence time (min).
To validate the model for its application in the
electro-Fenton continuous treatment system, a compari-
son between the theoretical decolourisation values and
the experimental data has been carried out (Figs. 5 and
6). In all cases, the standard deviation between experi-
mental and theoretical data is lower than 6 %.
After the continuous experiments, the alginate beads
were evaluated using scanning electron microscopy
images in order to determine the changes in the surface
morphology of the beads. As seen in Fig. 7, although
alginate gel is rather robust, the use of hydraulic agita-
tion for a long time induces gel breakage and provokes
the iron scape. Therefore, the results obtained in this
study confirm that Fe alginate beads are a strong
Fig. 7 Comparison using scanning electron microscopy images of surface morphology of the beads at initial (left) and final (right) time
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catalyst; however, more studies are required in order to
increase their physical resistance.
Conclusion
In view of the results obtained, it can be concluded that the
studied dyes can be effectively decolourised by the electro-
Fenton process using Fe alginate gel beads as catalysts. This
technology is more efficient than electrochemical treatment.
Moreover, electro-Fenton oxidation was carried out success-
fully in a continuous airlift reactor at the determined optimal
operating conditions: a voltage of 3 V and a pH of 2. Based
on kinetic and hydrodynamic studies, a prediction model
was developed. The theoretical model showed a good fit to
the experimental data and verified the utility of this model to
scale-up the process. Although the electro-Fenton airlift
reactor was able to operate without operational problems
and attained high decolourisation percentages at high resi-
dence times, it was observed that hydraulic agitation in this
reactor induces gel breakage provoked the iron scape.
Therefore, further research is necessary in this field in order
to avoid this problem and to obtain more resistant Fe algi-
nate beads.
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Abstract This study explores the possibility of using
iron-loaded sepiolite, obtained by recovering iron from
polluted water, as a catalyst in the electro-Fenton oxida-
tion of organic pollutants in textile effluents. The remov-
al of iron ions from aqueous solution by adsorption on
sepiolite was studied in batch tests at iron concentrations
between 100 and 1,000 ppm. Electro-Fenton experiments
were carried out in an electrochemical cell with a work-
ing volume of 0.15 L, an air flow of 1 L/min, and 3 g of
iron-loaded sepiolite. An electric field was applied using
a boron-doped diamond anode and a graphite sheet cath-
ode connected to a direct current power supply with a
constant potential drop. Reactive Black 5 (100 mg/L)
was selected as the model dye. The adsorption isotherms
proved the ability of the used adsorbent. The removal of
the iron ion by adsorption on sepiolite was in the range
of 80–100 % for the studied concentration range. The
Langmuir and Freundlich isotherms were found to be
applicable in terms of the relatively high regression
values. Iron-loaded sepiolite could be used as an effec-
tive heterogeneous catalyst for the degradation of organic
dyes in the electro-Fenton process. Successive batch
processes were performed at optimal working conditions
(5 V and pH 2). The results indicate the suitability of the
proposed combined process, adsorption to iron remedia-
tion followed by the application of the obtained iron-
loaded sepiolite to the electro-Fenton technique, to oxi-
dize polluted effluents.
Keywords Adsorption . Decolorization . Dye .
Electro-Fenton . Iron . Sepiolite
Introduction
The presence of metals and organic pollutants in ground and
industrial waters is probably the most common water prob-
lem that has limited water resources. Therefore, water treat-
ment and recycling methods are the only alternatives for
obtaining fresh water in the coming decades. There is a great
need to develop suitable, inexpensive, and rapid wastewater
treatment techniques and reuse or conservation methods in
the present century (Gupta et al. 2012). The application of
various technologies can be used to solve actual environ-
mental problems (Alcántara et al. 2008; Gómez et al. 2009).
In this study, a combination of technologies such as adsorp-
tion and the electro-Fenton process was proposed. It is
possible to remove dissolved metals from mine water dis-
charges by adsorption and by the electro-Fenton process,
and using the metal adsorbed in the previous step, the
organic pollutants in effluents can be degraded.
The removal of heavy metals such as Pb, Fe, Cr, Cd, and
Co by adsorption has gained popularity because of advan-
tages such as low cost, suitability for both batch and con-
tinuous processes, ease of operation, little sludge generation,
and possibility of regeneration and reuse. There are some
materials found in nature that have little or no use; hence,
the utilization of all such materials as low-cost adsorbents
for the treatment of wastewater may make them of some
value (Gupta et al. 2011). Different types of adsorbents are
used for removing metal ions from aqueous solutions
(Gupta et al. 2009; Mohammadi et al. 2011; Saleh and
Gupta 2012a). Among them, sepiolite has been reported as
a low-cost adsorbent. Sepiolite is a naturally occurring clay
mineral of sedimentary origin. Chemically, sepiolite is a
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hydrous magnesium silicate whose individual particles have
a needle-like morphology. The high surface area and poros-
ity, as well as the unusual particle shape of this clay mineral,
account for its outstanding sorption capacity and colloidal
properties, which make it a valuable material for a wide
range of applications. In addition, sepiolite granules do not
disintegrate, even when saturated with liquids (Tekin et al.
2012).
Recently, the metal adsorption process has been used
to develop materials with catalytic activity, particularly
in oxidation reactions (Silva et al. 2011, 2012). Taking
into account these results, in this study, sepiolite has
been used as an adsorbent for iron in aqueous medium
and its catalytic activity in an oxidation process has
been assayed.
The organic compounds of industrial wastewater can
be degraded by chemical and physical methods (such as
adsorption, biosorption, membrane filtration, coagulation
by salts, and chemical degradation) and biological treat-
ment. These methods have many disadvantages in terms
of efficiency, cost, regeneration, and secondary pollu-
tion. Therefore, environmental pressures dictate the need
for a different strategy for technological development.
Advanced oxidation processes (AOPs), which are de-
fined as aqueous oxidation processes resulting in the
destruction of target pollutants primarily based on the
intermediacy of hydroxyl radicals, have been used as a
promising alternative to degrade toxic organic com-
pounds into CO2 and water (Garcia-Segura and Brillas
2011; Hammami et al. 2008).
Recently, several AOPs have been developed and applied
to wastewater treatment. In addition, several hybrid technolo-
gies combining two or more individual processes have been
developed in order to efficiently remove organic pollutants
from wastewater. Some of these technologies, including elec-
trochemical (Sirés and Brillas 2012), Fenton (Karthikeyan et
al. 2012; Li et al. 2012), photocatalytic degradation (Saleh and
Gupta 2012b; Saravanan et al. 2013), photoelectro-Fenton
(Almeida et al. 2012; Brillas et al. 2007; Ruiz et al. 2011b;
Salazar et al. 2011; Zarei et al. 2010), and electro-Fenton
(Garcia-Segura et al. 2011; Murati et al. 2012; Oturan et al.
2012; Rosales et al. 2012b, c) processes, have been extensive-
ly studied as some of the best options for the destruction of
various recalcitrant organic pollutants in water.
The application of the electro-Fenton technology has
attracted the attention of different research groups because
of its environmental compatibility, versatility, high efficien-
cy, amenability of automation, and safety because it operates
at mild conditions (Almeida et al. 2012). In this process,
H2O2 is produced electrochemically via oxygen reduction
on the cathode; then, the addition of ferrous ions into the
system is analogous to the ·OH radicals generated in the
classical Fenton reaction. Moreover, when using the electro-
Fenton process, the amount of added ferrous ions is much
smaller than in the traditional Fenton method because, in
this process, the ferrous ion is regenerated at the cathode
(Salazar and Ureta-Zañartu 2012). In addition, several re-
search studies have demonstrated that the electro-Fenton
process is more economical, efficient, and environmentally
friendly for removing organic matter compared with con-
ventional processes (Brillas et al. 2009; Dirany et al. 2011;
Garcia-Segura et al. 2012; Isarain-Chávez et al. 2011;
Méndez-Martínez et al. 2012; Panizza and Oturan 2011;
Ruiz et al. 2011a; Özcan et al. 2009).
In previous works, the authors developed Fe alginate gel
beads as heterogeneous Fenton catalysts for the oxidative
degradation of dyes in order to improve the electro-Fenton
technology (Iglesias et al. 2012a, b; Rosales et al. 2012a).
Although the results obtained in these studies indicate the
suitability of the electro-Fenton iron alginate gel bead pro-
cess, it was observed that hydraulic agitation in the opera-
tion at the reactor scale induced gel breakage, which
provoked the release of iron. Therefore, further research is
necessary in order to avoid this problem and to obtain more
resistant Fe catalyst materials.
To solve this problem, fixing iron into an inorganic
matrix such as sepiolite could be a workable solution. The
aim of this study is to evaluate the potential of a combined
treatment in two stages: the adsorption of iron ions from
water, followed by the degradation of dye solution by an
electro-Fenton treatment using iron-loaded sepiolite as a
catalyst.
Material and methods
Material
In this work, a solution of Reactive Black 5 (RB5) (CAS
17095-24-8), provided by Sigma-Aldrich (Barcelona, Spain),
was used in order to evaluate the electro-Fenton treatments. Its
structure and properties are shown in Table 1. Sepiolite clay
was supplied by Tolsa S.A. The elemental analysis obtained by
X-ray fluorescence (XRF) is given in Table 2. Iron stock
solution was obtained by dissolving Fe2(SO4)3·H2O (Sigma-
Aldrich, Barcelona, Spain) in deionized water, and the desired
concentration was obtained by diluting this stock solution.
Adsorption assays
To investigate the kinetic aspects of adsorption, several
adsorption experiments were carried out at iron concentra-
tions between 100 and 1,000 ppm. The adsorption experi-
ments were carried out in 250 ml Erlenmeyer flasks by
mixing together a constant amount of sepiolite (3 g) with a
constant volume of the aqueous solution of iron (150 ml).
Environ Sci Pollut Res
The contents in the flasks were agitated by placing them
in a mechanical shaking incubator (Thermo Forma) at
150 rpm and 20 °C. At the end of this process, the
solid was separated by centrifugation (Sigma 3K-18) for
15 min at 5,000 rpm. The iron unadsorbed in the
supernatant liquid was determined with atomic absorp-
tion spectroscopy (Agilent 240FS). The iron uptake
concentration was determined by the difference between
the initial concentration in the aqueous solution and that
found in the supernatant after the assay. All the adsorp-
tion studies were repeated three times; the reported
value is the average of the measurements.
Characterization of iron-loaded sepiolite
XRF analysis of the sample was conducted with a Siemens
SRS-300. Scanning electron microscopy and energy-
dispersive spectrometry (SEM/EDS) were used on a JEOL
JSM-6700F equipped with an EDS Oxford Inca Energy 300
SEM using an accelerating voltage of 20 kV.
Fourier transform infrared (FT-IR) spectra of the sepiolite
were recorded on an FT-IR spectrometer (model FT-
IR/4100, Jasco). The samples were ground into powder
and dried in an oven at 60 °C for 1 h, and the potassium
bromide pellet press method was used to improve the signal
in the infrared spectra.
Electro-Fenton process
Batch electro-Fenton experiments were carried out in a
glass cylindrical reactor with a working volume of 0.15 L
(Fig. 1). In this process, H2O2 was produced electrochem-
ically via oxygen reduction on the cathode. Therefore, the
continuous saturation of air at atmospheric pressure was
ensured by bubbling compressed air near the cathode at about
1 L/min. An electric field (5 V) was applied by a graphite sheet
cathode (Goodfellow Cambridge Limited, UK) and a boron-
doped diamond (BDD) anode (DIACHEM®, CONDIAS
GmbH, Germany) connected to a direct current power supply
(HP model 3662, Agilent Technologies Spain, S.L.). The
electrodes (surface area of 15 cm2) were placed opposite each
other at 1 cm above the bottom of the cell and with an electrode
gap of 6 cm (Fig. 1). The current intensity was monitored with
a multimeter (Fluke 175, Fluke Corporation).
The reaction mixture contained 3 g of iron-loaded sepio-
lite (25 mg/g) in 150 ml of dye solution (100 mg/L) with the
electrolyte Na2SO4 (0.01 M). In these experiments, the pH
was adjusted to the working value with sodium hydroxide or
sulfuric acid. The medium was maintained in suspension
Table 1 RB5, chemical struc-
ture, wavelength at maximum
absorbance, and used
concentration
Dye Type C.I. Structure lmax
(nm)
Concentration
(mg/L)
Reactive
Black 5 (RB5)
Di-azo 20505
S
O
O
O
S
O
O
NaO
S O
ONaO
S
O
O ONa
NNS
O
OOS
O
O
NaO
NH2
OH
NN
597 100
Table 2 Sepiolite com-
position determined by
XRF
Compound Content (%)
Na2O 0.30
MgO 22.00
Al2O3 6.81
SiO2 63.45
P2O5 0.04
SO3 0.11
K2O 1.90
CaO 3.48
TiO2 0.25
MnO 0.04
Fe2O3 1.63
+
-
(1)
(2) (3)
(5)
(4) VA (6)
(7)
Fig. 1 Schematic diagram of the electro-Fenton experimental setup: 1
glass cylindrical reactor with sepiolite–dye suspension, 2 BDD anode,
3 graphite sheet cathode, 4 air inlet, 5 magnetic stirrer, 6 multimeter–
ammeter, 7 power supply
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using magnetic stirring to avoid concentration gradients in
the cell.
Sample preparation
In all experiments, samples were taken periodically from the
electro-Fenton cells to be analyzed for pH, dye concentration,
and decolorization. They were centrifuged at 10,000 rpm for
5 min, and the supernatant was separated to be analyzed.
Adsorption data processing
Adsorption uptake and removal percentages
The absorption uptake is the amount of iron adsorbed
by the sepiolite and is calculated using the following
equation:
q ¼ C0  Cð Þ  V W= ð1Þ
where q is the iron uptake (in milligrams per gram); C0 and C
are the initial liquid-phase concentration of the iron ion solu-
tion and the concentration at an arbitrary time in the solution
(in milligrams per liter), respectively; V is the solution volume
(in liters); and W is the mass of the adsorbent (in grams).
The iron removal percentage (Ir) was determined by the
difference between the initial iron concentration (C0) in the
aqueous solution and that found in the supernatant (C), as
shown in Eq. 2:
Ir ¼ C0  Cð Þ  100 C0= ð2Þ
Dye decolorization
The initial and residual dye concentrations were measured
spectrophotometrically (Unicam Helios β, Thermo Electron
Corp.). The dye decolorization was expressed in terms of
percentages.
D ¼ Ai  Atð Þ  100 Ai= ð3Þ
where D is the decolorization (in percent) and Ai and At are
the areas under the dye absorbance curves at the initial time
and at an arbitrary time, respectively. The assays were
performed twice, and the experimental error was calculated
as the standard deviation, which was below 3 % in all cases.
Chemical oxygen demand analysis
The chemical oxygen demand (COD) was determined using
a Lange cuvette test (LCK 414) in a Hach Lange DR 2800.
The Hach COD test follows the ISO 15705 standard method
exactly, with all reagents supplied ready-to-use and in precise-
ly the correct amounts in a small cuvette. To perform a test, a
water sample is added to a cuvette and left in a heater for 2 h.
At the end of this period, the intensity of the color in the
solution is directly related to the COD value in the sample and
can be measured quickly and easily.
Energy consumption
In addition to the dye decolorization efficacy, other specific
energetic parameters such as the energy consumption per
decolorized dye mass can be useful. In this study, the energy
consumption per decolorized dye mass was determined by
Eq. 4:
Energy consumption kWh kgdye
. 
¼ I  V  t
Δmdye
ð4Þ
where I is the average applied current (in amperes), V is the
cell voltage (kilovolts), t is the treatment time (in hours), and
Δmdye is the dye mass removed (in kilograms).
Decolorization rate
The concentration profiles of the dyes were fit to the suitable
kinetic equation, and the rate constants were calculated
using the software SigmaPlot 4.00 (1997). The SigmaPlot
curve fitter uses an iterative procedure based on the
Marquardt–Levenberg algorithm, which seeks the values
of the parameters that minimize the sum of the squared
differences between the observed and predicted values of
the dependent variable.
Results and discussion
Iron adsorption kinetics
It is not possible to carry out adsorption experiments with iron
at pH >4.0 because of the precipitation of Fe3+ as iron hy-
droxide, which introduces uncertainty into the interpretation
of the results (Rosales et al. 2009). For this reason, in these
experiments, the natural pH of the iron solution was used.
The kinetics of iron adsorption can provide valuable in-
sights about the reaction pathways and mechanism of the
reaction. In this work, the study of the kinetics of iron adsorp-
tion was carried out with an iron concentration between 100
and 1,000 mg/L. As shown in Fig. 2, the iron uptake contin-
uously increased with time until it reached values near the
equilibrium. During the experiments, the initial and final pH
values were measured, and no changes were detected.
Different models such as the pseudo-first-order equation
(Eq. 5), pseudo-second-order equation (Eq. 6), and Elovich
equation (Eq. 7) were tested in order to determine the kinetic
behavior:
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qt ¼ qe  1 exp k1  tð Þð Þ ð5Þ
qt ¼ qe  qe 1þ qe  k2  tð Þ= ð6Þ
qt ¼ b  ln a  bð Þ þ b  ln t ð7Þ
where qt (in milligrams Fe per gram sepiolite) is the amount
of iron sorbed at time t (in hours), α and β are the Elovich
coefficients, qe is the amount of iron sorbed at equilibrium,
and k1 and k2 are the first-order (per hour) and second-order
(in grams sepiolite per milligram Fe per hour) equilibrium
rate constants, respectively. The pseudo-second-order model
provides an excellent fit between the predicted curves and
the experimental values (R2>0.99 in Fig. 2), whereas the
first-order and Elovich kinetic models did not fit the exper-
imental data well.
The calculated qe values fromEq. 6 also agree verywell with
the experimental data for each concentration tested, and the
maximum deviation between the values is <2 %. Similar phe-
nomena were observed for the adsorption of iron from aqueous
solution by Bengal gram husk powder. Bhattacharyya and
Gupta (2008) studied the removal of iron from water by natural
and acid-activated clays, and they concluded that the kinetics of
the interactions is not certain but that the pseudo-second-order
model appears to give the best description.
Adsorption isotherm
An equilibrium study on adsorption provides information on
the capacity of the adsorbent. An adsorption isotherm is
characterized by certain constant values that express the sur-
face properties and affinity of the adsorbent and can also be
used to compare the adsorptive capacities of the adsorbent for
different pollutants.
In this study, the equilibrium data have been analyzed
using the Langmuir and Freundlich models (Langmuir
1918), and the characteristic parameters for each isotherm
have been determined. A clear review of the equations and
their application can be found in the literature (Eren 2008).
The data conform to the linear form of the Langmuir model
expressed as follows:
Ce qe ¼ Ce qm== þ 1 kL  qm= ð8Þ
where qm (in milligrams iron per gram sepiolite) is the
maximum achievable uptake corresponding to complete
monolayer coverage and kL (in liters per milligram iron) is
a constant indirectly related to the adsorption capacity and
energy of adsorption, which characterizes the affinity of the
adsorbate with the adsorbent. The slope and intercept of the
plots of Ce/qe vs. Ce are used to calculate the values of the
constants qm and kL.
The good fit of the model to the experimental data
(R2=0.9984) indicated the applicability of the Langmuir
isotherm model (Fig. 3). The calculated saturated ad-
sorption capacity reaches 39.68 mg/g.
The essential characteristics of the Langmuir dimension-
less constant separation factor, RL, are given by:
RL ¼ 1 1þ kL  C0ð Þ= ð9Þ
where kL is the Langmuir constant and C0 is the initial
concentration of iron. The value of the separation factor,
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Fig. 2 Adsorption kinetics of iron on sepiolite at various values of iron
concentration: filled circles 100 mg/L, filled squares 300 mg/L, filled
triangles 500 mg/L, filled diamonds 1,000 mg/L. Lines indicate the
simulated pseudo-second-order kinetic model
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Fig. 3 Isothermal adsorption of iron sepiolite: filled circles indicate
experimental data and the line indicates the simulated Langmuir model
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RL, provides valuable information about the nature of the
adsorption. The value of RL indicates whether the isotherm
is irreversible (RL=0), favorable (0<RL<1), linear (RL=1),
or unfavorable (RL>1). In the present study, the calculated
values of RL are observed to be in the range 0.0037–0.069 at
all studied concentrations, indicating that the adsorption of
iron onto sepiolite is favorable.
The Freundlich isotherm was originally empirical in na-
ture but was later interpreted as the adsorption on heteroge-
neous surfaces or surfaces supporting sites with various
affinities. It is assumed that the stronger binding sites are
initially occupied. Nevertheless, the binding strength de-
creases when the degree of site occupation increases. The
Freundlich isotherm can be represented as:
qe ¼ kF  Ce1 n= ð10Þ
It incorporates two constants: kF (mgiron
1−1/n L1/n/gsepiolite),
which corresponds to the binding capacity, and 1/n, which
characterizes the affinity between the sorbent and the sorbate.
It is generally stated that values of n in the range 2–10
represent good adsorption, values from 1 to 2 represent mod-
erately difficult adsorption, and values <1 represent poor
adsorption characteristics. The plot of lnqe vs. lnCe is
given in Fig. 4. The Freundlich model exhibited a good
fit to the experimental sorption data, suggesting a hetero-
geneous mode of adsorption, as the R2 value was 0.9839.
The values for kF and 1/n can be obtained from the
intercept on the y-axis and the slope of the linear line.
They were estimated to be 12.46 and 5.5, respectively.
This n value is related to the distribution of bonded ions
on the adsorbent surface, indicating that the adsorption of
iron onto sepiolite is favored (Ho and McKay 1999;
Özcan et al. 2005). A suitable explanation for the adsorp-
tion mechanism is that the stronger binding sites were
initially occupied, and the binding strength decreased with
increased site occupation on the sepiolite structure.
The adsorption isotherm study leads to the conclusion
that sepiolite exhibits a high potential for the removal of iron
from aqueous solution. Furthermore, a stable iron-loaded
sepiolite is obtained and can be used as a catalyst in other
treatments, such as the electro-Fenton process.
Iron-loaded sepiolite characterization
A series of FT-IR spectral analyses were performed in order to
investigate the interaction between the sepiolite and adsorbed
iron (Fig. 5). The spectrum of sepiolite showed peaks in the
range of about 1,210–1,015 cm−1 (Fig. 5, I), which represent
the stretching of Si–O in the Si–O–Si groups of the tetrahedral
sheet, and in the range of 4,000–3,000 cm−1 (Fig. 5, II),
corresponding to the vibrations of the Mg–OH group
(3,690 cm−1), coordinated water (3,568 cm−1), and zeolitic
water (at 3,422 cm−1) (Frost andMendelovici 2006; Lazarević
et al. 2010) (Table 2). The band at 1,655 cm−1 (Fig. 5, III) is
due to OH stretching, representing the water bound to mag-
nesium in the octahedral sheet. The characteristic adsorption
band of the Fe–O bond of iron oxide is a broad peak having a
maximum at 594 cm−1 with the right-hand shoulder at
630 cm−1 (Fig. 5, IV) (Zhao et al. 2012). However, the FT-
IR spectra do not reveal the existence of a new iron oxide
phase or the formation of an iron sepiolite covalent bond.
Similarly, Lazarević et al. (2010) found it difficult to obtain
significant differences between the spectra because the pres-
ence of the characteristic sepiolite bands, with a peak at
606 cm−1, attributable to the vibration of Fe–OH, could not
be clearly identified.
The FT-IR spectra obtained after adsorption with iron
showed that no formation or breaking of chemical bonds
occurred, and for this reason, the spectra did not show any
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Fig. 4 Isothermal adsorption of iron sepiolite: filled circles indicate
experimental data and the line indicates the simulated Freundlich model
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Fig. 5 FT-IR spectra of sepiolite samples: a natural, b iron-loaded
sepiolite, and c iron-loaded sepiolite after five batches
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significant changes in the iron-loaded sepiolite FT-IR spec-
trum with respect to natural sepiolite. These results are in
accordance with Turhan et al. (2008). They determined that
the FT-IR spectra obtained after the complexation of mod-
ified sepiolite with metal ions did not show significant
change in the FT-IR spectrum. For this reason, in order to
verify the adsorption of iron onto sepiolite, SEM/EDS were
performed. EDS is an analytical technique used for the
elemental analysis or chemical characterization of a sample.
As shown in Fig 6, the EDS spectral analysis confirms
the increase of iron in the sepiolite after the adsorption
process. The elementary composition of the natural sepiolite
indicates that around 3.5 % of the weight corresponded to
iron. However, this value increased to 33 % when the iron-
loaded sepiolite was analyzed. These results indicated that
the iron species remained on the sepiolite structure.
Electro-Fenton treatment: effect of pH
The decolorization of RB5 under the electro-Fenton process
with iron-loaded sepiolite was tested in the undivided elec-
trochemical cell described in the “Material and methods”
section. In this cell, BDD was used as the anode. This anode
was selected because BDD thin-film electrodes are the most
potent anodes known for water remediation (Almeida et al.
2012; Martínez-Huitle and Brillas 2008). This is because the
very weak BDD–radical ·OH interaction gives a higher O2
overpotential than other anodes (Hammami et al. 2008;
Oturan et al. 2012). Thus, higher amounts of the heteroge-
neous radical ·OH are produced, which favors the degrada-
tion of the organic pollutants (Almeida et al. 2012).
Normally, the Fenton reaction has the highest efficiency
when the pH is between 2 and 4 (Rosales et al. 2012b). A
low pH is favorable for the production of hydrogen peroxide
because the conversion of dissolved oxygen to hydrogen
peroxide consumes protons from the acidic solution.
However, a low pH also promotes hydrogen evolution,
reducing the number of active sites available for generating
hydrogen peroxide (Rosales et al. 2012b). Recently, several
research studies have found that a heterogeneous electro-
Fenton system with an Fe electrode showed much greater
activity than other convectional electro-Fenton systems.
Thus, Fan et al. (2010) demonstrated that, through the
application of an Fe sandwich film cathode, rhodamine B
could be effectively degraded at pH values ranging from 2.5
to 7.5. Li et al. (2011a) demonstrated that Fe0-activated
carbon fiber is a promising cathode material for electro-
Fenton processes at neutral pH.
Several previous studies (Bozzi et al. 2002; Iglesias et al.
2012a, b; Li et al. 2004; Noorjahan et al. 2005; Rosales et al.
2012a; Tao et al. 2008) demonstrated that the catalytic
activity of the reaction system and the stability of the cata-
lysts could be enhanced by binding iron species on appro-
priate support materials such as neutral organic polymers,
ion exchange membranes or resins, and inorganic materials.
Therefore, the effect of the pH in the electro-Fenton
process using iron-loaded sepiolite was studied at initial
pH values of 2, 4, 6, and 8. As seen in Fig. 7, the decolor-
ization of RB5 in the presence of iron-loaded sepiolite
increased when the pH decreased. After 90 min of treatment,
the obtained decolorization was 97.2, 87.5, 82.5, and 68.3 %
at pH values of 2, 4, 6, and 8, respectively. The results
indicated that the pH of the solution has an influence on
the RB5 decolorization and that the highest oxidation activ-
ity was achieved at pH 2. This is in agreement with the
results in the literature where electro-Fenton was used with
free iron, in which it was reported that the Fenton reaction
has the highest efficiency when the pH is between 2 and 4
(Li et al. 2011b; Lu et al. 2003; Rosales et al. 2009; Ting et
al. 2009; Zhang et al. 2005).
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Fig. 6 Energy dispersive spectral analysis of natural sepiolite (a) com-
pared with iron-loaded sepiolite (b)
Time (min)
0 20 40 60 80 100
D
ec
ol
or
iz
at
io
n 
(%
)
0
20
40
60
80
100
Fig. 7 Decolorization profile of RB5 using the electro-Fenton process
with iron-loaded sepiolite at pH 2 (filled circles), pH 4 (filled squares),
pH 6 (filled diamonds), and pH 8 (filled triangles)
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On the other hand, a reduction of about 10 and 15 % of the
decolorization degree at pH 4 and 6, respectively, was detected.
Therefore, these results are in accordance with previous papers
(Bozzi et al. 2002; Li et al. 2004; Noorjahan et al. 2005;
Rosales et al. 2012a; Tao et al. 2008), in which a catalyst
formed by binding iron species on support materials increases
the stability and the operational range of the electro-Fenton
process. In addition, the RB5 degradation reaction was ob-
served to approximately follow a pseudo-first-order kinetic
model. The kinetic constant at pH 8 was 0.013 min−1, which
was higher than that of pH 2 (0.042 min−1).
The results indicated that iron-loaded sepiolite has excel-
lent catalytic performance in an acidic medium. However,
the decolorization levels at a pH of 8 suggest that the iron-
loaded sepiolite can provide acceptable catalytic activity
even at alkaline conditions.
Electro-Fenton treatment: dye adsorption
The applicability of different waste materials, such as acti-
vated carbon and activated rice husks (Gupta et al. 2006),
de-oiled soya (Mittal et al. 2009a), carbon slurry (Gupta et
al. 2010), hen feather (Mittal et al. 2012), green alga
Oedogonium hatei (Gupta and Rastogi 2009), mesoporous
carbon developed from waste tire rubber (Gupta et al. 2011),
wheat husks (Gupta et al. 2007), and bottom ash (Mittal et
al. 2009b), to remove several dyes and pollutants has been
proven. For this reason, it is necessary to determine the
possible adsorption of dye onto the catalyst in order to
determine the mechanism of the reaction that takes place
in the electro-Fenton process in the presence of iron-loaded
sepiolite.
Figure 8 shows the visible spectrum of the RB5 solution
at 0, 2, and 24 h in the experiments with sepiolite without
iron and an electrical field. The obtained results showed that
dye adsorptions around 31.5 and 86.5 % were attained when
the sepiolite was in contact for 2 and 24 h, respectively. It is
clear that the adsorption of dye onto sepiolite took place;
however, the dye was not detected on the sepiolite when the
electro-Fenton process was applied. Therefore, the porous
texture of the sepiolite favored the dye adsorption capacity.
However, the support microporosity tended to reduce iron
leaching, while the mesoporosity strongly increased the
metal dispersion and liberation of the degradation products.
Therefore, these results revealed that the mechanism here
involved adsorption onto the sepiolite, followed by rapid
degradation by the Fenton reaction. In the acid solution,
oxygen was adsorbed on the surface of the graphite sheet
and H2O2 was then efficiently electrogenerated through
the reduction of oxygen on the cathode. The iron adsorbed
onto the sepiolite catalyzed the decomposition of H2O2 to
generate hydroxyl radicals (radical ·OH) that started the
reaction with the RB5 adsorbed onto sepiolite and free in
the solution. This is because the electro-Fenton process
with iron-loaded sepiolite exhibited higher catalytic activ-
ity than the traditional electro-Fenton process with ferrous
ions. Moreover, most of the iron still remained on the
sepiolite after the treatment. Thus, the high efficiency of
this novel electro-Fenton process could be applied in
successive treatments.
Electro-Fenton treatment: fed-batch
Once the high decolorization ability of the electro-Fenton
iron-loaded sepiolite process was demonstrated in batch
mode at pH 2, a fed-batch strategy was explored at an initial
dye concentration of 100 mg/L.
The results of the fed-batch electro-Fenton process are
plotted in Fig. 9. After 105 min of operation, when the
dye was totally decolorized, the dye feeding medium was
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Fig. 9 Decolorization profile of RB5 using the electro-Fenton treatment
in fed-batch mode
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supplied at an initial concentration of 100 mg/L. After 90 min,
the same operation was repeated four times. Although the dye
decolorization rate decreased from the first to the second
batch, the rate of dye decolorization was maintained among
the rest of the batches. The total decolorization was obtained
with a COD reduction of 86.7 % and an energy consumption
per decolorized dye mass of 12.76 kWh/kg.
In addition, the FT-IR spectra of iron-loaded sepiolite
obtained after five electro-Fenton batches (Fig. 5) showed that
no formation or breaking of chemical bonds occurred and that
there were no significant changes of the iron-loaded sepiolite
on the FT-IR spectrum with respect to the natural sepiolite.
Therefore, these experiments confirm the ability of the
electro-Fenton iron-loaded sepiolite process to degrade or-
ganic pollutants. It is remarkable that the system was able to
operate in fed-batch mode to treat successive amounts of
dyes without operational problems and reach high dye de-
colorization percentages in short times.
Conclusions
Based on the results obtained in this paper, it can be con-
cluded that the electro-Fenton iron-loaded sepiolite process
has a great potential to degrade organic pollutants. The
obtained results demonstrate the following:
– Sepiolite is a good low-cost adsorbent for removing
metal ions such as iron from aqueous solutions.
– Iron adsorption onto sepiolite follows a pseudo-second-
order kinetic model.
– The good fit of the models to the experimental data in-
dicates the applicability of the Langmuir and Freundlich
isotherm models.
– FT-IR and SEM/EDS reveal that, after the adsorption of
iron onto sepiolite, no formation or breaking of chem-
ical bonds occurs; however, the presence of iron in-
creases in relation to the initial sepiolite.
– A higher decolorization degree is obtained with the
electro-Fenton process at pH 2, although acceptable
values are obtained at high pH values.
– The electro-Fenton mechanism with iron-loaded sepio-
lite involves dye adsorption onto the sepiolite, followed
by rapid degradation by the Fenton process.
– The electro-Fenton process with iron-loaded sepiolite is
able to operate in fed-batch mode without operational
problems; furthermore, a high degree of dye decolori-
zation is maintained in successive batches.
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A B S T R A C T
In this work dredge marine sediments contaminated by petroleum hydrocarbon (TPH) and metals, such
as Zn, Pb, Cu and Hg, were treated by electrokinetic treatment. EDTA and Tween 80 were used as
processing ﬂuid to enhance the solubility of metals and TPH, respectively. On the other hand, a
combination of a Fenton’s reagent and EDTA was evaluated to promote the in situ degradation of TPH and
to solubilize the metals. After 30 days of treatment, the best results were obtained by EK–Fenton–EDTA
process with a removal of about 90% for TPH, 57.3% of Zn, 59.8% of Pb, 59.4% of Cu and 54.5% of Hg.
 2012 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights
reserved.
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jou r n al h o mep ag e: w ww .e lsev ier . co m / loc ate / j iec1. Introduction
Dredging activities are necessary for maintenance of existing
navigation channels, and construction of new port and harbor
facilities. This continued necessity for dredging produces large
volumes of material each year, resulting in hundreds of millions of
tons per year of dredged sediments all around the world [1].
Dredged marine sediments often contain hazardous compounds
since they receive discharges of numerous liquid and solid wastes,
thus these sediments become a toxic product not suitable for
other use. Therefore, the development of new technologies for
the treatment of these residues is increasing the attention of the
scientiﬁc community [2]. However, the characteristics of these
sediments: low permeability, high salt, organic and water
contents as well as the presence of organic and inorganic
contaminants, hinder their remediation using conventional
remediation technologies.
Electrokinetic remediation deserves particular attention to soil
and sediment treatment due to its peculiar advantages, including
the capability of treating ﬁne and low-permeability materials, as
well as achieving consolidation, dewatering and removal of salts
and inorganic contaminants in a single stage [3]. A substantial list* Corresponding author. Tel.: +34 986 812383; fax: +34 986 812380.
E-mail addresses: mcurras@uvigo.es (M. Pazos), olaiaic@uvigo.es (O. Iglesias),
josegomez@uvigo.es (J. Go´mez), emiliorv@uvigo.es (E. Rosales),
sanroman@uvigo.es (M.A. Sanroma´n).
Please cite this article in press as: M. Pazos, et al., J. Ind. Eng. Chem
1226-086X/$ – see front matter  2012 The Korean Society of Industrial and Engineer
http://dx.doi.org/10.1016/j.jiec.2012.11.010of applications of electroremediation for the elimination of metals
and some undesirable inorganic anions such as ﬂuoride exists in
the bibliography [3–7]. Also, in recent years several research
groups have begun to analyze the application of this technology to
soils contaminated by organic compounds, such as polycyclic
aromatic hydrocarbons (PAHs) and benzene, toluene, ethylben-
zene, and xylenes (BTEX) [8–14], phenol [15], organochlorates
[16], trichloroethelene and tetrachloroethane [17] and dyes [18].
Recently, the application of electrokinetic technology to
marine sediments is attracting interest from the scientiﬁc
community. De Gioannis et al. [19] carried the electrokinetic
treatment of marine sediment however, negligible removal of
cationic contaminants due to precipitation phenomena as a result
of the high pH developed during the treatment. This concern has
been detected in other researches [20–22], who determined that
to improve the metal removal enhancement methods, such as
different conditioning solutions (HCl, HNO3, EDTA) or the use of
membranes are necessary to improve the overall performance of
the process. Thus, the use of these improvements sets free the
metals from solid matrix favoring their removal. Nevertheless
when organic pollutant, as PAHs, is present in the sediment poor
removal capacity was found even when a surfactant was used to
promote the contaminant mobilization [23]. Thus, further
investigations on organics removal from this type of solid matrix
through electrokinetic technology are required.
To obtain high efﬁciency in the treatment of soil contaminated
with organic compounds several techniques have been coupled to
electrokinetic remediation. Electrokinetic technology combined. (2012), http://dx.doi.org/10.1016/j.jiec.2012.11.010
ing Chemistry. Published by Elsevier B.V. All rights reserved.
Table 1
Chemical characterization of collected sediment samples in terms of their heavy
metal and TPH content.
Parameters Sediment CEDEXa Limit AL1
Total organic carbon 1.70%
Moisture 46.59%
Electrical conductivity 12.40 mS/cm
pH 7.8
Carbonate <0.1 mg/kg
TPH 11,680 mg/kg
Fe 20,880 mg/kg
Zn 680.6 mg/kg 500 mg/kg
Cd <1 mg/kg 1.0 mg/kg
Pb 133.0 mg/kg 120 mg/kg
Cu 263.1 mg/kg 100 mg/kg
Ni 22.3 mg/kg 100 mg/kg
Cr 42.3 mg/kg 200 mg/kg
As 25.1 mg/kg 80 mg/kg
Hg 1.17 mg/kg 0.6 mg/kg
AL1: Action Level 1.
a [31,32].
Table 2
Particle size distribution of the dredge marine sediment.
Material Particle size (mm) Distribution (%)
Clay 0–0.062 47.24
Silt 0.062–0.5 42.44
Sand 0.5–2 3.17
Gravel >2 7.15
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found that the phenanthrene removal rate was increased in 5% for
electrokinetic coupling with ultrasound. Pham et al. [25] deter-
mined that ultrasonic enhancement can increase from 2 to 9% the
pollutant removal rate of a mixture of hexachlorobenzene,
phenanthrene and ﬂuoranthene.
Other alternative is the electrokinetic–Fenton (EK–Fenton). The
conjunction of electrokinetic treatment with Fenton’s reagent
could be an environmentally friendly option to degrade in situ
organic compounds [26]. In the Fenton’s reaction (1) the H2O2 is
decomposed by the catalytic action of Fe2+ in acid medium
generating hydroxyl radicals who are powerful oxidizing agents
and attack organic compounds.
Feþ2þ H2O2 ! Feþ3þ OH þ OH (1)
Under this hybrid technology, the electric ﬁeld is used to
mobilize the Fenton’s reagent through the soil and provides an
appropriate environment for in situ degradation of organic
pollutant [27]. In Fenton reactions inside the soil, organic
compound oxidation takes place by hydrogen peroxide and it is
catalyzed by iron minerals [28]. The hydroxyl radicals generated in
the Fenton reaction are strong and relatively unspeciﬁc oxidants
that react with most organic contaminants by abstracting
hydrogen atoms or by adding to double bonds [29]. Pazos et al.
[30] studied the removal of diesel fuel from contaminated soil
using 10% H2O2 as processing ﬂuid. Approximately 87% diesel
removal was achieved after 30 days of treatment. The authors
indicated that the homogeneous distribution of reagents, which is
the main drawback of the Fenton treatment, can be easily achieved
with electric ﬁeld action.
It is known that the Fenton oxidation efﬁciency in aqueous
phase increases in acidic pH. However, the pH of many soils can be
often near neutral or slightly alkaline and under this condition the
Fe2+ is easily oxidized to Fe3+. In the literature to distinguish
between the Fe2+ and Fe3+ combinations, the term Fenton-like
reagent is used for the Fe3+/H2O2 mixture while Fenton’s reagent is
restricted to denote the Fe2+/H2O2 mixture. Moreover, due to the
soil or sediment pH, it is noticed that the Fe2+ quickly precipitates
disappearing from the aqueous phase. Therefore, chelating agents
(such as EDTA) have been used to maintain soluble iron, employing
Fe3+ as catalytic specie in a Fenton-like process.
The aim of this work is to apply electrokinetic remediation
technology to marine sediment contaminated by hydrocarbons
and metals taken from sampling campaigns in the North-west of
Spain. These sediments are characterized by a high content of
hydrocarbons (TPH) and metals such as Zn, Pb, Cu and Hg, with
concentration higher than the recommendation of CEDEX
[31,32]. Furthermore, due to the existing industrial activity
near the ports, the Fe content in sediments is also high so that
they are suitable samples for the Fenton’s treatment. Two
different approaches were used to improve the pollutant
removal. On the one hand, EDTA and Tween 80 were used as
processing ﬂuid to enhance the solubility of metals and TPH,
respectively. On the other hand, a combination of a Fenton’s
reagent and EDTA was used as processing ﬂuid to promote the in
situ degradation of TPH and to solubilize the metals, at the same
time.
2. Materials and methods
2.1. Sediments
Sediment samples were collected from the North-west of Spain.
The samples were sieved and the fraction containing particles of
sizes lower than 2 mm was selected. Sediment properties are
described in Table 1 and Table 2.Please cite this article in press as: M. Pazos, et al., J. Ind. Eng. Chem2.2. Electrokinetic cell
Electroremediation process behavior will be studied at labora-
tory scale in electrokinetic cells developed for this purpose by our
research group (Fig. 1) [33]. The central tube was 100 mm in length
and had a 32 mm internal diameter. Two electrode chambers, with
a working volume of 0.3 L, were placed at each end of the sample
compartment and isolated from the solid sample by means of ﬁlter
paper and porous stones. Electrode chambers were ﬁlled with the
processing ﬂuid (Table 3), and a pump was connected to each
electrode chamber to achieve a homogeneous mixing degree inside
the electrode chamber. The sediment sample was placed between
two electrodes, anode and cathode, through which an electric ﬁeld
was applied. Auxiliary electrodes allowed measurement of the
electric ﬁeld distribution along the sample at three different points.
A constant potential difference (3 V/cm) was applied by two
graphite electrodes with a power supply (HP model 6030A). For the
acquisition of electrical parameters and electrodes pH over time,
we had developed automatic data acquisition software called EK-
Data (Fig. 1).
2.3. Analytical methods
At the beginning and at the end of each experiment, samples
were taken from the cathode and anode solutions as well as from
the solid matrix for chemical analysis. After the experiment, the
sediment sample was divided in ﬁve sections (S1-S5, namely from
anode to cathode) and each one was analyzed for moisture
content, pH and pollutant concentrations. All analytical determi-
nations were done in duplicated and the showed results are the
mean values.
2.3.1. Total petroleum hydrocarbon (TPH) concentration
Total petroleum hydrocarbon (TPH) was determined following
the EPA 9074 method. TPH was extracted with methanol from solid
sample. The resulting mixture was allowed to settle and the free
liquid was decanted into the barrel of a ﬁlter-syringe assembly.. (2012), http://dx.doi.org/10.1016/j.jiec.2012.11.010
Fig. 1. Schematic of electrokinetic cell and EK-data acquisition system.
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containing water. The ﬁltered sample was allowed to develop for
10 min. During the development, any hydrocarbons present
precipitate out and become suspended in solution. The developed
sample was measured spectrophotometrically (Unicam Helios b,
Thermo Electron Corp.) based on the constructed calibration
curves at absorption wavelength of 585 nm. The concentration of
total recoverable petroleum hydrocarbons present was calculated
relative to the standard curve realized with commercial diesel fuel.
Duplicate measures were carried out with an experimental error
lower than 3%.
2.3.2. Heavy metal concentration
The protocols used for the chemical extraction and analysis of
metals were performed in accordance with EPA Methods 3010 and
3050. Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES) was used to analyze metals. Duplicate measures were
carried out with an experimental error lower than 3%.
2.3.3. Sediment pH, electrical conductivity, moisture content, TOC and
carbonate content
pH was determined adding 1 M KCl solution to dry sediment in
a ratio 2.5 mL/g. After 1 h contact time, pH was reading using a pH
meter (Sentron model 1001).
The sediment electrical conductivity was measured adding
distilled water in ratio 2.5 mL/g dry sediment and the suspen-
sion agitated for 30 min. After 20 min of repose period (20 min),
conductivity was measured using a conductivimeter (Crison
Basic 30).
The moisture content of the sediment was calculated with the
loss of weight of the sample after heating at 105 8C during 24 h.
Total organic carbon (TOC) was determine using dichromate
method following Schumacher [34].
Carbonate content was determined by volumetric method
following UNE 103200:1993 [35].Table 3
Experimental design and working conditions.
Exp. Time (d) Voltage
(V/cm)
Processing ﬂuid in the
electrode chamber
1 15 3 Tween 80 3% 
2 30 3 Tween 80 3% 
3 15 3 10% H2O2 M EDTA 
4 30 3 10% H2O2 M EDTA 
Please cite this article in press as: M. Pazos, et al., J. Ind. Eng. Chem2.3.4. Sediment acid buffering capacity
Buffering capacity is deﬁned as the ability of solid matrix to
resist changes in pH. The assays were performed based on the
procedure described by Reddy et al. [36]. Acid buffering capacity of
the sludge was assayed by titration. A suspension of sludge sample
in water (6.7%, w/v) was stirred for 30 min and the pH was
analyzed. Successive 1 mL additions of HCl 1 M were made every
30 min and pH was measured thereafter. This procedure was
repeated until the pH value was constant. The obtained results
were plotted as pH versus HCl added (mL). The results were
elucidated in qualitative form, comparing the proﬁles correspond-
ing to sludge sample with those of kaolin, which is commonly
known to have low acid buffering capacity.
3. Results and discussion
3.1. Sediment characterization
Initially, the chemical characterization of collected sediment
samples, in terms of their heavy metal and TPH content was
realized (Table 1). It is noticeable the high concentration of Fe, Zn,
Pb, Cu and Hg. High concentration of these metals, may have a
potential risk and, hence, remediation technique must be
considered in order to use these dredged sediments to other
application. Furthermore, some of these metals are over the limit
concentration determined by the CEDEX [32] where the recom-
mended metal concentration by the Spanish related agencies on
dredged material management appears. On the other hand, the Fe
content (higher than 20,000 mg/kg) makes this sediment appro-
priate to the Fenton’s reactions take place.
The acid buffering capacity of kaolin versus sediment sample is
represented in Fig. 2. Opposite to the kaolin behavior, a slight pH
change in the suspension was detected in the sediment. The acid
buffering capacity of this sediment kept practically constant after
the addition of 9 mL of HCl. Thus, it was demonstrated the highpH Control (A: anode C: cathode)
A: Tris-Acetate–EDTA 0.1 M pH 8.5 C: Tris-Acetate–EDTA 0.1 M pH 8.5
A: Tris-Acetate–EDTA 0.1 M pH 8.5 C: Tris-Acetate–EDTA 0.1 M pH 8.5
A: 0.5 M NaOH pH 5 C: 0.5 M HNO3 pH 5
A: 0.5 M NaOH pH 5 C: 0.5 M HNO3 pH 5
. (2012), http://dx.doi.org/10.1016/j.jiec.2012.11.010
Fig. 2. Comparing buffering capacity of the proﬁles corresponding to sediment (&)
with those of kaolin (*).
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to the sediment chemical composition. This parameter has a great
inﬂuence on the remediation process, given desorption of metal
pollutants from the sediment is favored at low pH. For this reason
in this sediment with high acid buffering capacity, the addition of
enhancing agents such as complexing agents, such as EDTA, is
necessary to improve the metal remediation, thus an electrokinetic
process can be developed in a basic environment.
In addition, the electrical conductivity value can be used to
extract information on the behavior of the sediment under the
electric ﬁeld action. In this study, the sediment has high
conductivity (Table 1); therefore, it is expected a low electrical
resistance which will favors the electrokinetic treatment.
3.2. Electrokinetic remediation
As well as the phenomena of transport electromigration,
electro-osmosis and electrophoresis [37], reactions on the surface
of the electrodes will take place. Among them, the most important
is the electrolysis of the water, which will give rise to theTable 4
Zn, Pb, Cu and Hg metal fraction distribution in the original sediment and that remedi
Metal Sampling location Initial concentration
(mg/kg)
Ex
(m
Zn S1 680.64 47
S2 680.64 53
S3 680.64 48
S4 680.64 45
S5 680.64 40
Pb S1 133.02 10
S2 133.02 10
S3 133.02 9
S4 133.02 8
S5 133.02 8
Cu S1 263.11 18
S2 263.11 21
S3 263.11 19
S4 263.11 16
S5 263.11 15
Hg S1 1.17 
S2 1.17 
S3 1.17 
S4 1.17 
S5 1.17 
Please cite this article in press as: M. Pazos, et al., J. Ind. Eng. Chemgeneration of H+ ions in the anode and OH ions in the cathode. In
this way, the sediment will become more acidic near the anode and
more basic near the cathode. In the case of metals, the increase of
pH can originate the precipitation of the metallic ions avoiding the
correct functioning of the system. To solve this problem, we can act
by means of electrode solutions, so-called processing ﬂuid.
Through these, it is possible to introduce in the sediment (by
the aforementioned mechanisms of transport) diverse chemical
reagents. Thus, a control of the pH in the chambers of the
electrodes and the addition of speciﬁc reagents (tensioactive,
solvents, chelating agents, etc.) allow to generate within the
sediment adequate conditions for the extraction or desorption of
the pollutants so that they are transferred to the ﬂuid phase and
can be transported by electro-osmosis or electromigration more
effectively and maintaining the sediment in the desired pH value.
Several studies reported the need to have a basic medium inside
the soil to enhance the removal of pollutants by electro-osmotic
ﬂow when surfactants or cyclodextrin are used [30,38]. Therefore,
in the present work pHs in the chambers were maintained to 8.5
with the addition of Tris-acetate buffer solution (Table 3) and the
developed of the acid front was avoided.
In Table 4, the concentration distribution of polluting metals
obtained by electrokinetic treatment, using solubilizing agents,
after 15 and 30 days are showed. It is known that a complexing
agent such as EDTA increases the solubility of metal species,
forming soluble complexes in a wide range of pHs [3]. As it is
shown in Table 4 (Exp. 1 and 2), metals concentrations were
reduced in all soil sections for both experiments and as it was
expected the 30-day experiment achieved the highest metal
removals. The reached concentrations of metals were not
uniform in the soil sections and according to Pazos et al. [3]
the signiﬁcant reduction of metal concentrations detected in the
sections close to the cathode chamber were due to the metals
migration to the anode chamber because under the operational
conditions, metals seem to form a negative complex with EDTA.
This fact was veriﬁed during the treatment as the apparition of
different colors in the anode chamber, which is typical of
complex formation [3] and after the experiment by measuring
the metal content in the anode chamber. Furthermore, the
sediment pH was measured and it was determined basic
conditions which favoring metal complexation. The total metalsated by the different EK–Fenton experiments developed.
p. 1 15 d
g/kg)
Exp. 2 30 d
(mg/kg)
Exp. 3 15 d
(mg/kg)
Exp. 4 30 d
(mg/kg)
1.01 469.43 432.90 381.78
8.27 485.06 433.63 405.54
8.00 345.66 359.04 300.21
5.82 306.64 263.39 216.87
2.30 293.57 246.60 146.62
7.18 99.69 86.73 67.89
9.47 105.98 107.28 76.24
5.95 66.94 87.05 55.15
9.60 56.38 52.96 33.09
0.86 54.08 47.20 35.04
6.59 190.28 120.86 128.44
8.30 207.45 176.32 133.42
1.73 138.09 162.05 123.18
4.00 128.85 107.00 100.71
4.40 127.72 89.36 47.96
0.78 0.64 0.58 0.58
0.82 0.72 0.66 0.57
0.80 0.60 0.63 0.53
0.78 0.60 0.60 0.51
0.73 0.59 0.62 0.48
. (2012), http://dx.doi.org/10.1016/j.jiec.2012.11.010
Fig. 3. Normalized concentration of polluting metals and TPH obtained by EK
treatment after 15 and 30 days.
Fig. 4. Normalized concentration of polluting metals and TPH obtained by EK–
Fenton–EDTA treatment after 15 and 30 days.
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and ﬁnal metals present in the sediment sample, was 28 and 42%
after 15 and 30 days, respectively. As illustrated in Table 4, the
metals Zn, Pb, Cu and Hg, which are over the limit concentration
determined by the CEDEX [32], migrated into the sediment to
the anode chamber. Considering the average concentration from
the ﬁve sections removal efﬁciencies after 15 and 30 days were
30.7% and 44.1% of Zn, 27.3% and 42.9% of Pb, 30.4% and 39.7% of
Cu, 33.7% and 46.1% of Hg, respectively.
In Fig. 3, the normalized concentrations of TPH obtained by
electrokinetic treatment, using solubilizing agents, after 15 and 30
days are showed. The presence of Tween 80 in the processing ﬂuid
solubilized the TPH, and they were mobilized by electro-osmotic
ﬂow (around 5 mL/d) and collected in cathode chamber. A
maximum TPH remediation (31%) was obtained after 30 days.
Our results are in accordance with those reported in the
literature. Kim et al. [39] found that during the electrokinetic
technique removal efﬁciencies of metals were signiﬁcantly
dependent on their speciation in the sludge matrices. In addition
Colaccio et al. [23] found the main drawback using solubilizing
agents for sediment polluted with metals and organic compounds
is the poor removal capacity of organic compound even when a
surfactant Tween 80 was used.
3.3. EK–Fenton–EDTA remediation
This study was an attempt to develop a technology to
decontaminate organics and inorganics in dredged sediments
using electrokinetic remediation coupled with Fenton’s reaction
and solubilizing agents. It is evident that the presence of speciﬁc
compounds and the solid matrix have a great inﬂuence in the
removal efﬁciency during the EK–Fenton process. For this reason,
in some cases, several compounds can be added to the EK–Fenton
process to enhance the Fenton’s reaction. Kim et al. [40] utilized
7% H2O2 and 0.01 N H2SO4 in the anode chamber in the EK–
Fenton treatment of kaolin polluted with phenanthrene. On the
other hand, the effectiveness of the EK–Fenton technique to treat
soils contaminated with PAHs has been proved by Alca´ntara et al.
[12]. They found that when anode and cathode chambers were
ﬁlled with H2O2 (10%) the overall removal and a destruction
efﬁciency of phenanthrene of 99% were obtained in 14 days.
Reddy and Karri [41] performed experiments to determine the
inﬂuence of the oxidant dosage in the EK–Fenton treatment of
kaolin spiked with nickel and phenanthrene. The results obtained
in these studies emphasize that the optimization of H2O2/Fe
concentration and voltage gradient as well as the control of soil
pH are required to increase the removal of heavy metal and the
oxidation of organic compounds.Please cite this article in press as: M. Pazos, et al., J. Ind. Eng. ChemIn accordance with these previous papers, in this study the EK–
Fenton was employed to remediate the TPH present in the
sediment and EDTA was added as solubilizing agent to improve the
heavy metal removal. In this sediment the high iron concentration
shown in Table 1, permits to develop the Fenton’s process by
addition from anode and cathode chambers of H2O2. Valentine and
Wang [42] determined that the Fenton’s reaction is only effective
at low pH values. For this reason, pH control at 5 on the electrodes
chambers was proposed as necessary in order to achieve effective
removal (Table 3).
In Fig. 4, the normalized concentrations of TPH obtained by
electrokinetic treatments, using EDTA and H2O2 as processing
ﬂuid, are presented. Around 90% of TPH removal was achieved after
15 days of treatment. Similar proﬁle of TPH removal was detected
for 30 days treatment; meaning that the main TPH removal was
obtained in the ﬁrst days. The electric ﬁeld expended to remove
TPH was 0.45 kWh/gTPH, however must be to take into account
that part of this electricity was used to remove metals too.
Control pH had an insigniﬁcant inﬂuence in soil pH and after
experiments the pH in the soil was kept in basic values, between 8
and 10. This fact conﬁrms the high acid buffering capacity detected
in the sample characterization. Although the pH proﬁle in the
sediment was higher to the optimum determined to Fenton’s
reagent it is hypothesized that the presence of EDTA favored the
iron solubilization. This fact is in accordance to that reported by
Vicente et al. [43] who determined that the presence of chelating
agents, as EDTA, improves the Fenton’s treatment because these
agents stabilize the hydrogen peroxide, enhance desorption of the
entrapped pollutant and solubilize part of the iron from the soil.
Hence, it can be stated that TPH removal was associated with the
pollutant in situ degradation during the action of Fenton’s reagent
formed inside the sediment.
As it was determined in the previous experiments EDTA
favored the metals removal and their movement towards the
anode chamber (Table 4). The reduction of concentration in the
Exp. 3 and 4 were slightly higher than previous experiments in
which only solubilizing agents were used. Considering the
concentration of the metals showed in Table 4, the removal
efﬁciencies after 15 and 30 days were 48.9% and 57.3% of Zn, 42.6%
and 59.8% of Pb, 50.1% and 59.4% of Cu, 47.24% and 54.5% of Hg,
respectively. Although not all sections of soil reached a
concentration below CEDEX legislation, for all metals a signiﬁcant
metal reduction was obtained in all sections. After Exp. 4 the
maximum global metal removal of 59% was obtained.
Therefore, these results showed that EK–Fenton–EDTA reme-
diation is an adequate technology to treat sediments polluted by
heavy metal and TPH, although treatment time higher than one
month is necessary.. (2012), http://dx.doi.org/10.1016/j.jiec.2012.11.010
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The showed results point out the relevance as well as the
novelty of the technology used. Between the two proposed
alternatives for dredged sediments, EK with solubilizing agents
and EK–Fenton–EDTA, this last one obtained the highest removal
for metals and TPH. The performance of EK–Fenton–EDTA
remediation is described by:
- EDTA increases the solubility of metal species, forming soluble
complexes in a wide range of pHs.
- The presence of iron and EDTA in sediments and the addition of
H2O2 permits that the Fenton’s reactions take place and TPH are
degraded in situ.
- The reduction of TPH in sediment favors the mobilization of
metallic species.
The results obtained in this study, indicate the suitability of EK–
Fenton–EDTA remediation in sediments with high content in iron
and contaminated by petroleum hydrocarbon (TPH) and metals.
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ABSTRACT 
Polycyclic Aromatic Hydrocarbons (PAHs) are one of the main types of contaminants 
entering the marine environment during coastal activities. Based on their low solubility, PAHs 
remain in the sediments and their impact in the marine environment is low however dredging 
activities increase their bioavailability resulting in an environmental risk. Therefore, polluted 
marine sediments should be treated. 
Numerous methodologies can be applied to remove the PAHs from solid matrixes. Among 
them the use of surfactants has emerged as potential application in removing organic 
pollutants. In this work, CMC studies of the synthetic non-ionic surfactants such as Brij 35, 
Tween 80, Triton X-100 and a biosurfactant named Saponin were realized. Moreover, the 
influence of several parameters such as pH and ionic strength was assayed.  
The selection of the surfactant and its concentration has an important role in the 
environmental surfactant enhanced remediation processes. Therefore, mixed surfactant 
systems, synthetic and Saponin, were evaluated. The mixture of Tween 80 and Saponin 
showed adequate qualities to PAHs removal and its efficiency for PAHs solubilization was 
evaluated using phenanthrene. The mixture Saponin:Tween 80 (1:1.2 mmol L
-1
) was the best 
to solubilize phenanthrene. Finally, the electrochemical treatment of sediment polluted with 
phenanthrene was carried out in presence and absence of optimized mixture of 
Saponin:Tween 80. Near complete phenanthrene removal, was reached after 1 day when 
mixture surfactant was used. Moreover, the initial degradation rate of electrochemical 
treatment in presence of surfactant mixture was 2.3-fold compared to conventional treatment.  
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INTRODUCTION 
Pollution of marine sediment by polycyclic aromatic hydrocarbons (PAHs) is a ubiquitous 
environmental problem (Louati et al. 2013)and their persistence is governed by a wide variety 
of abiotic and biotic factors (Marini and Frapiccini 2013). These organic compounds are 
widespread in sediments, particularly near areas of intense human activities (Botsou and 
Hatzianestis 2012).  They are hydrophobic pollutants well-known as carcinogens or mutagens 
(Jacob 1996). Although several physical-chemical and biological treatments have been 
developed to PAHs environmental remediation (Gan et al. 2009), the main drawback of PAHs 
treatment is their low solubility and thus the use of solubilizing agents as surfactants is 
becoming the first step for PAHs remediation (Ahn et al. 2008).  
Surfactants are compounds that tend to stay on the liquid surface when dissolved in aqueous 
solution. Surfactants are known to improve the pollutant transfer into the water phase by 
decreasing the interfacial tension between water and hydrophobic pollutants and by 
accumulating hydrophobic compounds. Depending on the dissociation of the hydrophilic 
group in aqueous phase, surfactants can be classified in anionic, cationic, non-ionic, or 
amphoteric. Out of the different types of surfactants, non-ionic surfactants are often chosen 
for environmental purposes because of their higher solubilization capacities and their lower 
cost compared with the cationic and anionic ones (Alcántara et al. 2008).  
Above a certain surfactant concentration, called critical micelle concentration (CMC), the 
surface concentration is saturated, surfactants begin to form self-assembled aggregates, 
usually starting as micelles, leaving the solution surface property unchanged ones (Cai et al. 
2011). Micelles arise when the lipophilic part of the surfactant molecule which is unable to 
form hydrogen bonding in an aqueous phase, causes an increase in the free energy of the 
system (Christofi and Ivshina 2002). The interior of these micelles becomes a hydrophobic 
region, this fact leads to the increase of the dispersion of a compound in solution above its 
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water solubility limit (Rouse et al. 1994). Yeom et al. (1996) determined that surfactants 
significantly enhanced the rate of PAHs solubilization and postulated that the enhancement of 
PAHs release by surfactants occurs by two mechanisms:  micellar solubilization by increased 
concentration gradient at the soil/tar−water interface and sorption and penetration of 
surfactant molecules, causing intrasorbent swelling of the soil−tar matrix and increasing the 
matrix diffusivity of PAHs.  
The highly hydrophobic nature of several organic compounds such as PAHs enables their 
strong sorption onto soil or sediments, which makes difficult their removal from the 
environment. In order to overcome the problems associated with areas polluted with PAHs in 
the environment, the feasibility of using surfactants to extract PAHs had received increasing 
attention in the last years. Grasso et al. (2001) observed that desorption of PAHs from field-
contaminated soil was negligible when the aqueous-phase concentration of a non-ionic 
surfactant was below or close to the CMC. Chang et al. (2000) evaluated the efficiency of six 
surfactants, Brij 30 (BR), Triton X-100 (TR), Tergitol NP-10 (TE), Igepal CA-720 (IG), 
sodium dodecyl sulfate (SDS) and hexadecyl trimethyl ammonium bromide (HTAB) to 
extract phenanthrene from spiked Ottawa sand. Under the experimental conditions, results 
indicated that those surfactants were highly promising on site remediation since the residual 
phenanthrene concentration was effectively reduced.  
Surfactants produced from chemically based materials are known as synthetic surfactants and 
those produced from biologically based materials are biosurfactants. Biosurfactants can be 
synthesized by many different microorganisms. As they originate from living organisms, 
biosurfactants have advantages of biodegradability, ease of production using renewable 
resources, possible regeneration, high specificity and less toxicity. The use of surfactants in 
washing soil contaminated with PAHs is a new area of application. The selection of the 
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surfactant and its concentration has an important role in the surfactant enhanced remediation 
processes (Seyed Razavi et al. 2012).  
Differently from synthetic surfactants, Saponin is a biosurfactant present in more than 500 
plant species. Saponin molecules contain a hydrophobic part, composed of a triterpenoid or 
steroid backbone, and a hydrophilic part consisting of several saccharide residues, attached to 
the hydrophobic scaffold via glycoside bonds (Stanimirova et al. 2011). Lately, in several 
studies the solubilization of different PAHs by Saponin has been evaluated. Yang et al. (2011) 
and Zhou et al. (2011) studied the solubilization of PAHs by Saponin and their results 
indicated that Saponin can greatly enhance the solubilization of PAHs in solution and the 
weight solubilization ratio of Saponin to pyrene and phenanthrene was greater than those of 
some representative non-ionic surfactants. Dissolution tests realized by Kobayashi et al. 
(2012) confirmed the ability of Saponin to increase the apparent solubility of the tested 3-5 
rings PAHs above the CMC. In summary, the information found in the literature indicates that 
Saponin is more effective in enhancing PAH solubilization than synthetic non-ionic 
surfactants besides it has a potential application in removing organic pollutants from 
contaminated soils. Therefore, studies to improve this ability are necessary in order to 
increase the real applicability of this biosurfactant in remediation technologies. Recently, the 
use of mixed surfactant systems for the remediation of organic contaminants are of great 
interest in scientific and industrial applications due to their efficient solubilization, 
suspension, dispersion and transportation capabilities (Dar et al. 2007; Wei et al. 2011).  
In this work, a thorough study was carried out to know the CMC value of the non-ionic 
surfactants Brij 35, Tween 80, Triton X-100 and Saponin and to determine the effect of 
several parameters such as pH and ionic strength. In addition, the CMC of the binary-
surfactant systems for the remediation of PAHs was studied. This basic information is 
necessary in order to determine the best agent to obtain a high PAHs solubilization. Based on 
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the CMC studies, solubilization studies of model PAHs such as phenanthrene, were carried 
out. Finally, the selected surfactant solution was used in order to improve the electrochemical 
treatment of phenanthrene polluted marine sediment. 
 
MATERIALS AND METHODS 
Chemicals 
The utilized non-ionic surfactants were Brij 35 P, Triton X100, Saponin (a purity of 10%) 
provided by Sigma-Aldrich and Tween 80 from Merck. Their characteristics are shown in 
Table 1. The phenanthrene used to contaminate the marine sediment was > 97% pure and 
purchased from Sigma-Aldrich. 
Surface tension measurement 
The surface tension measurement was carried out in a K6 tensiometer (Krüss GmbH) using 
the du Noüy ring method until a constant value was reached. The values reported are the 
mean of six measurements. All solutions were maintained at a temperature of 25ºC using a 
water-bath. 
Critical micelle concentration determination 
The critical micelle concentration (CMC) corresponds to the surfactant concentration where 
molecular aggregates, termed micelles, are initiated in the solution. To measure the CMC 
surfactants and their mixtures were dissolved in aqueous solutions. Then, the surface tension 
values were measured until constant surface tension values indicating that the equilibrium had 
been reached.  
Stability assays 
The effect of pH and salinity (NaCl) on the surfactants and their mixtures behavior was 
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studied. To determine the effect of pH, the pH of the surfactant solution was adjusted at a 
value in the range of 2–10 using solutions of NaOH and HCl. The effect of salinity on the 
activity of the surfactant solutions was investigated by adding NaCl ranging from 5 to 25 g L
-
1
. 
Solubilization of phenanthrene by Tween 80 and Saponin 
Batch tests for solubilization of phenanthrene in surfactant solutions were performed in 
Tween 80, Saponin and Tween 80-Saponin mixture.Volumes of 10 ml of surfactant solutions 
with a series of concentrations were placed in 12 ml glass tubes with Teflon-lined screw caps 
and 0.02 g. of phenanthrene were subsequently added to each tube. These samples were then 
equilibrated on a reciprocating shaker for 24 h at 25ºC and were subsequently centrifuged at 
5000 rpm for 10 min to completely separate the undissolved phenanthrene. An appropriate 
aliquot of the supernatant was then carefully withdrawn and the concentration of 
phenanthrene in aqueous phase was analyzed by HPLC. 
Polluted marine sediment 
It was prepared by mixing thoroughly 0.15 kg of polluted sediment with 75 ml a solution of 
phenanthrene in hexane. Phenanthrene was purchased from Sigma-Aldrich and polluted 
marine sediment samples were collected from the North-west of Spain (Pazos et al. 2012).  
The sediment-hexane-contaminant mixture could be easily stirred and blended 
homogeneously. Afterwards, the mixture was placed beneath a ventilation hood for a week, 
stirring every day until the hexane was completely evaporated and the contaminated soil was 
dry at 40ºC. All mixing operations were performed in glass beakers with stainless steel 
spoons. A sample of each mixture was taken for initial phenanthrene concentration analysis. 
Initial phenanthrene concentration in the sediment was 450 mg phenanthrene kg
-1
 dry 
sediment. 
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Electrochemical degradation of phenanthrene-sediment 
The electrochemical degradation of phenanthrene from slurry of polluted marine sediment (5 
g polluted sediment per 0.1 L of water) was carried out in an electrochemical cell with a 
working volume of 0.15 L and graphite electrodes with an immersed area of 15 cm
2
, and an 
electrode gap of 6 cm. A constant potential difference (5 V) was applied with a power supply 
(HP model 3662) and the process was monitored with a multimeter (Fluke 175) (Rosales et al. 
2009). Samples of reaction mixtures were taken periodically from the electrochemical cell to 
be analyzed for pH and phenanthrene concentration. Samples were first centrifuged at 10,000 
rpm for 5 min and supernatant filtrated, separating liquid and the polluted marine sediment to 
be analyzed. pH was measured with a Sentron pH meter (model 1001), and phenanthrene 
concentration was analytically determined by HPLC. 
Methodology and analytical determinations 
In this study, all experiments were carried out in duplicate. Along and at the end of each 
experiment, samples were taken from solutions as well as from the soil for chemical analysis. 
These were analysed in triplicate, with a standard deviation lower than 15%. The results 
shown in all figures correspond to mean values. 
Phenanthrene extraction from marine sediment: Phenanthrene was extracted from the 
sediment samples by a pressurized solvent extraction system using a PSE-One instrument. 
Dry sample was thoroughly mixed with pelletized diatomaceous earth. When a free-flowing 
powder was obtained, it was placed into an extraction vessel in the instrument. The extraction 
solution was composed of acetone/hexane (1:1, v/v). After four cycles of 5 min at 110 °C and 
104 kPa, the extraction was complete and the collected sample was used to determine the 
phenanthrene concentration. Pressurized solvent extraction can be used to replace soxhlet and 
sonication techniques and has been approved for use, following EPA Method 3545A. 
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Phenanthrene concentration: This concentration was determined by HPLC (Agilent 1100) 
equipped with an XDB-C8 reverse-phase column (150×4.6 mm i.d., 5 µm). Prior to injection, 
the samples were filtered through a 0.45 µm Teflon filter. The injection volume was set at 5 
μL, and the isocratic eluent (60:40 acetonitrile/water) was pumped at a rate of 1 mL min-1 for 
10 min. Detection was performed with a diode array detector from 200 to 400 nm, and the 
column temperature was maintained at 20 °C. 
 
RESULTS AND DISCUSSION 
Critical Micelle Concentration  
In this study Tween 80, Brij 35 and Triton X-100 were selected as representative synthetic 
non-ionic surfactant to compare the enhanced solubilization of them for phenanthrene  in 
presence of Saponin, a plant-derived biosurfactant. Initially, the interface and micelle 
properties of these surfactants were evaluated by the study of CMC. The CMC is namely a 
sudden change in the surface tension at a corresponding surfactant concentration. Surfactant 
concentrations above the CMC produced only a weak reduction of the surface tension (γ), 
representative that surfactant molecules began to aggregate forming micelles. CMC value 
depends on both the surfactant hydrophilic group (type, size, counter-ion) and its lipophilic 
group (length, branching). For non-ionic surfactants in aqueous media, the CMC decreases as 
the number of carbon atoms of lipophilic group increases. On the other hand, the CMC 
increases when the monomolecular solubilization of the surfactant is favored, i.e, when more 
polar is the hydrophilic group lower tendency to form micelles and thus the greater the CMC.  
Although, there are different methods to determine a surfactant CMC such as surface tension 
(Khatua et al. 2006), conductivity (Domínguez et al. 1997), refractive index sensing (Tan et 
al. 2010) light scattering (Reis et al. 2004) and fluorescence spectroscopy (Wawrzinek et al. 
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2012), in this study the surface tension method was selected. Therefore, the values of CMC 
were determined by noting distinct breaks in the plot of surface tension vs. logarithm values 
of surfactant solutions over a wide concentration range shown in Fig. 1. Similar CMC values 
were obtained for Saponin and Tween 80 (Table 2). The low value detected for both of them 
means that these surfactants have a strong tendency to form micelles. The highest CMC value 
was determined for Triton X-100 meaning that the size of its lipophilic group is lower than 
the other studied surfactants.  
The environmental application of these surfactants to solubilize different compounds made 
necessary to determine the effect of variables such as pH or salinity of the system. It is well 
known that the addition of salts tends to decrease the solubility of many substances in water, 
and can even produce their precipitation. In this sense the addition of salts decreases the 
solubility of the hydrophilic group and can increase the interaction between the lipophilic 
group and the aqueous solution. For this reason, in the studied range of 0-25 g L
-1
 of NaCl this 
phenomenon was detected for the studied surfactant. As it is shown in Fig. 2, the 
experimented surface tension, when the NaCl was added to the medium, was weakly modified 
and decreased when the salt concentration augmented. Moreover, the stability of the tested 
surfactants over a wide range of pH (2-10) showed that the increase of pH had a positive 
effect on surface tension for the surfactant Tween 80, Brij 35 and Saponin (Fig. 3). This fact 
could be caused by the better stability of fatty-acids-surfactant micelles in presence of NaOH 
(Abouseoud et al. 2010a; Abouseoud et al. 2010b). These results are in accordance with the 
reported by Rahman and Brown (1983). They studied the CMC of sodium dodecyl sulphate 
(SDS) at various pH values between 2 and 10 and determined that at low pH (below pH 4) the 
CMC decreases whereas at higher pH it remains constant. 
Studies of mixed systems are important both academically, assuming that the mixture can be 
properly analyzed, and practically, since most of the detergents and soaps contain homologs 
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and a higher or lower chain length than that of the primary component. As it is reported by 
Zhou and Zhu (2004) mixed surfactants might show advantageous solubilization behavior, 
exhibiting cloud points higher than those of the single non-ionic surfactant, along with Krafft 
points lower than those of the single anionic surfactant. Taking into account the interest in this 
study to determine the best agent to improve the phenanthrene solubilization, the CMC of 
surfactants mixtures was carried out. The CMC values of binary systems for Triton X-100, 
Tween 80 and Brij 35 with Saponin is showed in Table 2. It was expected the detection of an 
intermediary behavior as a result of the formation of mixed micelles. However, in all studied 
cases the evolution of the ST of the binary system tended to be similar to the surfactant 
evolution with the lowest CMC. This fact is in accordance with Trogus et al. (1979) who 
determined that the distribution of surfactant molecules in binary systems between the 
solution and the micelles does not occur in proportion to the respective molar fractions. It was 
observed that the micelles tend to incorporate a greater proportion of the variety more 
lipophilic surfactant, ie, the lowest CMC.  
Solubilization of phenanthrene by Tween 80 and Saponin 
Surfactant addition is an effective approach to increase the availability of hydrophobic 
organic compounds from contaminated sediments. In a previous paper (Alcántara et al. 2008), 
it was demonstrated that Tween 80 had the best capacity for the extraction of both the 
phenanthrene in the soil–water systems, followed by Brij 35. These results are in agreement 
with the investigations performed by Cheng and Wong (2006a) and Cheng and Wong 
(2006b). They determined that the order to extraction of phenanthrene and pyrene was Tween 
80>Triton X-100>Brij 35. Therefore, the results suggest that Tween 80 would be the most 
suitable candidate, among the three synthetic surfactants, in improving solubilization and 
extraction of PAHs in a soil–water system. The surfactants used in remediation technologies 
should be nontoxic in order to avoid the environmental problems caused of their presence in 
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the medium. For this reason, the use of a biosurfactant such as Saponin with similar CMC 
value than Tween 80 could be a solution. 
Thus, in this study the solubilization of phenanthrene by surfactants Tween 80, Saponin and a 
mixture of both of them was evaluated. Phenanthrene solubilization was plotted as a function 
of surfactant solution concentrations for each data set (Fig. 4). Obviously, the aqueous 
solubilities of phenanthrene increased linearly over the range of mixed surfactant 
concentrations. Saponin has showed a greater solubilization capability for phenanthrene than 
the synthetic non-ionic surfactant Tween 80. The results are consistent with those reported by 
Zhou et al. (2011), in which the molar solubilization ratio value of Saponin for phenanthrene 
is about 3-6 times of those of the representative synthetic non-ionic (Tween 80, Brj 58 and 
Triton X-100) surfactants and about 10 times of that of rhamnolipid biosurfactants. 
Nowadays, mixed surfactants are of great interest in scientific and industrial application. The 
solution properties of mixed surfactant systems are often superior in application to that of the 
individual ones (Zhou and Zhu 2004). For that reason, the phenanthrene solubility studies of 
the mixture Saponin and Tween 80 were carried out. In Fig. 4, the phenanthrene solubilization 
obtained with mixtures of Saponin (at concentration of 1 mmol L
-1
) with different Tween 80 
concentrations in a range of 0 to 1.2 mmol L
-1
 and Tween 80 (at concentration of 1.2 mmol L
-
1
) with different Saponin concentrations in a range of 0 to 1 mmol L
-1
, have been evaluated. 
From these results, it is concluded that the phenanthrene solubilization can be improved and 
the best results were obtained at the highest concentration of both surfactants with a 
phenanthrene solubility of 0.9 mmol L
-1
. 
Electrochemical treatment of phenanthrene polluted marine sediment 
The enormous potential of electrochemical processes to treat polluted solutions by organic 
compounds has been demonstrated (Rivera et al. 2011).  However, there are few studies about 
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the treatment of marine sediments by electrochemical process. 
Dredged marine sediments often contain hazardous compounds since they receive discharges 
of numerous liquid and solid wastes, thus these sediments become a toxic product not suitable 
for other use. Therefore, the development of new technologies for the treatment of these 
residues is increasing the attention of the scientific community (Fang et al. 2011; Kribi et al. 
2012; Pazos et al. 2012). The characteristics of these sediments: high salt, organic and water 
contents as well as the presence of organic and inorganic contaminants made this system 
adequate to electrochemical treatment. However, to increase the efficiency of this technology 
it is necessary to generate adequate conditions for the pollutants desorption, so that they are 
transferred to the fluid phase and can be degraded by electrochemical reaction more 
effectively. 
From the aforementioned study it was concluded that the mixture Saponin:Tween 80 (1:1.2 
mmol L
-1
) is the best agent to solubilize phenanthrene. In addition, it was determined that 
although the salinity increase the superficial tension the pH increase had a positive effect on 
surface tension for the surfactant Tween 80 and Saponin. For this reason, it is considered that 
these surfactants can generate adequate conditions for the extraction or desorption of the 
pollutants such as phenanthrene from marine sediments. 
Due to the low PAHs concentration of the used marine sediment, the sediment was polluted 
with a phenanthrene solution in order to obtain an initial concentration around 450 mg of 
phenanthrene kg
-1
 of dry sediment.  
A comparative study between electrochemical treatment in presence or absence of surfactants 
was realized. As can be seen in Fig. 5, it is clear that the best results were obtained when 
electrochemical process was applied to slurry in presence of Saponin:Tween 80. The removal 
rates obtained during the 8 first hours of treatment were 43 and 19 mg phenanthrene kg
-1
 h
-1
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for the experiments with and without mixed surfactants. Under the above optimal conditions, 
the initial phenanthrene concentration was degraded around 92% in 1 day  
 
CONCLUSIONS 
Based on the results obtained in this paper, it can be concluded that the electrochemical 
treatment with addition of  mixed Saponin and Tween 80 has a great potential to degrade 
PAHs adsorbed onto marine sediments. The obtained results demonstrate the following: 
 The lowest CMC values were reached with the surfactants Saponin and Tween 
80. 
 Surface tension was weakly modified and decreased when NaCl concentration 
augmented and a positive effect on surface tension was detected when the pH 
was increased.  
 The behavior of the surface tension with the concentration of the binary 
systems tended to be similar to that surfactant behavior with the lowest CMC. 
 Phenanthrene solubilization can be improved by addition of mixture of 
Saponin:Tween 80. 
 The mixture of Saponin:Tween 80 increases the solubility of phenanthrene 
adsorbed onto the marine sediments which permits to enhance the efficiency of 
the electrochemical treatment of these sediments. 
Therefore, these results permit to conclude that this hybrid technology surfactant-enhanced 
solubilization and simultaneous degradation of phenanthrene by electrochemical treatment is 
a suitability process in order to reduce the environmental problems associated to  marine 
sediments. 
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Tables and Figure captions  
Table 1. Physicochemical properties of surfactants used in this study. 
Table 2. CMC values for surfactants and binary systems for Triton X-100, Tween 80 and Brij 
35 with Saponin. 
 
Figure 1. Surfactant surface tension versus surfactant concentration for studied surfactant: 
Saponin (●), Brj-35 (■), Triton X-100 (▲) and Tween 80 (▼). 
 
Figure 2 Influence of electrolyte presence on surfactant tension at CMC concentration: 
Saponin (●), Brj-35 (■), Triton X-100 (▲) and Tween 80 (▼) 
 
Figure 3 Influence of pH on the surfactant surface tension at CMC concentration: Saponin 
(●), Brj-35 (■), Triton X-100 (▲) and Tween 80 (▼) 
  
Figure 4 Comparison of Saponin, Tween 80 and binary mixture Saponin:Tween 80 in 
enhancing phenanthrene solubilization: Saponin (●), Tween 80 (■), Saponin 1 mmol L-1 
+Tween 80 0-1.2 mmol L
-1
 (□) and Saponin 0-1 mmol L-1 +Tween 80 1.2 mmol L-1 (○). 
 
Figure 5 Profile of phenanthrene concentration in marine sediment along the electrochemical 
treatment of slurry with water (○) or water with binary mixture Saponin:Tween 80 (1:1.2 
mmol L
-1
) (●) . 
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Compound Formula pH Structure 
Molecular  
Weight (g 
mol
-1
) 
Density               
(g cm
-3
) 
Brij 35 
(C2H4O)nC12H2
6O 
5.5-
7 
 1198 - 
Triton X 
100 
(C2H4O)nC14H
22O 
9.7 
 
625 1.07
 
 
Saponin - - - 1650
a
 1.015 – 1.02 
Tween 80 C64H124O26 5-7 
 
1310
 
 1.07 
a
 Zhou et al. (2011) 
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 Table 2 
 
Surfactant CMC (mmol L
-1
) 
Brij 35 0.108 
Triton X 100 0.283 
Saponin 0.042 
Tween 80 0.046 
Saponin + Brij 35 0.055 
Saponin + Triton X 100 0.143 
Saponin + Tween 80 0.043 
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La presente Tesis engloba el tratamiento de la contaminación tanto en el medio acuoso como 
en los sedimentos marinos, ya que ambos son los principales receptores finales de la 
contaminación en el ambiente. Las diferentes características y propiedades de las aguas y los 
sedimentos hacen necesario el estudio de los tratamientos de descontaminación de cada uno 
por separado. Por ello la discusión de los resultados obtenidos se divide en estos dos 
apartados. 
5.1.TRATAMIENTO DE EFLUENTES CONTAMINADOS 
El tratamiento electro-Fenton de efluentes contaminados es una técnica sobre la que se han 
realizado numerosos estudios que han demostrado su aplicabilidad en la descontaminación de 
efluentes coloreados (Wang, et al., 2010; Almeida, et al., 2012; Rosales, et al., 2012). Esta 
tecnología se basa en el proceso Fenton donde la generación de radicales libres hidroxilo, con 
elevada capacidad oxidante, se produce a partir de la descomposición del peróxido de 
hidrógeno en presencia de Fe que actúa como catalizador. La ventaja del tratamiento electro-
Fenton radica en que la generación in situ del H2O2 se produce de forma eficiente mediante el 
campo eléctrico y el Fe es continuamente regenerado en la superficie de los electrodos sin 
producirse precipitados (Sudoh, et al., 1985; .Brillas, et al., 2009). Sin embargo, en el escalado 
del proceso a un tratamiento en continuo, el Fe se pierde en el flujo de salida, y requiere su 
adición continua al medio. Esta Tesis propone la inmovilización del catalizador, en diferentes 
soportes para el estudio de su aplicabilidad y su eficacia en tratamientos en continuo de 
distintos contaminantes orgánicos utilizando diferentes configuraciones de reactores. 
Los soportes para la inmovilización del catalizador han de seleccionarse en base a su inocuidad, 
bajo coste, capacidad de retener el Fe y resistencia física en las condiciones del tratamiento 
electro-Fenton. De este modo en la presente Tesis se estudiaron soportes orgánicos (perlas de 
alginato) e inorgánicos (las arcillas sepiolita y zeolita) para el tratamiento de efluentes 
contaminados.  
El tratamiento electro-Fenton, utilizando el catalizador inmovilizado, fue evaluado en primer 
lugar con tintes modelo. En la selección de los mismos se tuvo en cuenta su problemática 
ambiental así como por las facilidades que presenta su análisis por espectrofotometría, para 
finalmente aplicarlo a contaminantes emergentes, como son los pesticidas. 
A continuación se detallan los principales puntos de desarrollo del estudio. 
5.1.1. SOPORTES DEL CATALIZADOR 
En este trabajo se analizaron inicialmente tres soportes diferentes: perlas de alginato, sepiolita 
y zeolita. El proceso de inmovilización de Fe en las perlas de alginato tiene lugar de forma 
sencilla mediante la aplicación de una técnica de atrapamiento del Fe en su estructura (Dong, 
et al., 2011). Sin embargo en las arcillas el proceso que tiene lugar es la adsorción del metal 
(Kocaoba, 2009; Padilla-Ortega, et al., 2011; Navalon, et al., 2010). 
Los procesos de adsorción de Fe en las arcillas fueron analizados en detalle mediante el 
estudio de sus cinéticas e isotermas. En el caso de la sepiolita se confirmó que sigue una 
cinética de pseudo-segundo-orden y que sus isotermas se corresponden con los modelos de 
Langmuir y Freundlich. Sin embargo, las pruebas realizadas con la zeolita en colaboración con 
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el “Departamento de Engenharia Biológica” de la “Universidade do Minho” en Braga, 
presentaron serios problemas originados por la basificación del medio y la consecuente 
precipitación del Fe. Actualmente, se están desarrollando diversas técnicas que permitan su 
utilización pero que exceden de los objetivos inicialmente propuestos en esta Tesis. Es por ello, 
que en la presente memoria no se incluyen los estudios llevados a cabo para la aplicación de la 
zeolita como soporte del Fe en el tratamiento electro-Fenton, los cuales se plantean como una 
perspectiva de futuro que requiere ser evaluada. 
Para comprobar la presencia y la distribución del catalizador en las perlas de alginato con Fe 
(Fe-Alginato) y la sepiolita con Fe (Fe-Sepiolita) éstas fueron caracterizadas con microscopía de 
barrido electrónico (SEM) y con espectros de infrarrojo (FTIR). El estudio demostró la presencia 
y distribución homogénea del catalizador en ambos soportes (Fig. 5.1 y Fig. 5.2). 
 
Fig. 5.1.(Fig.3. Art. 2.) Imágenes de microscopía de barrido electrónico (A) y mapeado espectrométrico de energía 
dispersiva (B). 
 
Fig. 5.2. (Fig. 6. Art. 5.) Análisis del espectro EDS de la Fe-Sepiolita (A) y de la sepiolita natural (B) . 
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5.1.2. TRATAMIENTO ELECTRO-FENTON DE TINTES 
El proceso electro-Fenton utilizando Fe-Alginato y Fe-Sepiolita fue evaluado para el 
tratamiento de efluentes coloreados. Los tintes seleccionados fueron Lissamine Green B, Azure 
B y Reactive Black 5. 
En primer lugar se llevó a cabo el estudio a distintos valores de pH, parámetro clave en el 
proceso Fenton. La Fig. 5.3 muestra los resultados obtenidos para el Fe-Alginato con los tintes 
Azure B y Lissamine Green B y la Fig. 5.4 la decoloración del tinte Reactive Black 5 con el 
tratamiento electro-Fenton con Fe-Sepiolita. En ambos casos se aprecia cómo las condiciones 
ácidas (pH 2) son mucho más favorables, aunque el proceso pueda realizarse eficazmente en 
un amplio rango de pH (2-8). De esta manera se evita la precipitación del Fe a valores altos de 
pH, sin embargo hay una reducción de la decoloración que se debe a que el H2O2 es más 
inestable a pH ácido (El-Desoky, et al., 2010) y el potencial de oxidación de los radicales 
hidroxilo también disminuye (Kim and Vogelpohl, 1998). 
 
Fig. 5.3. (Fig. 5. Art. 1.) Efecto del pH en la decoloración de Azure B (A) y Lissamine Green B (B) usando el 
tratamiento electro-Fenton con Fe-Alginato (8.69 g) con un volumen de trabajo de 0.15 L, un flujo de aire de 1 L/min 
y 14.19 V. Símbolos: pH 2(●), pH 4(♦), pH 6(○), pH 8 (▼). 
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Fig. 5.4. (Fig. 7. Art. 5.) Perfil de la decoloración del tinte Reactive Black 5 en el proceso electro-Fenton con 3 g de Fe-
Sepiolita operando en una celda electroquímica con un volumen de trabajo de 0.15 L, un flujo de aire de 1 L/min, 5 V 
y a pH 2 (●), pH 4 (■), pH 6 (♦) y pH 8 (▲). 
Para comprobar la efectividad de este proceso con relación a los resultados obtenidos con Fe 
libre, se realizaron una serie de estudios comparativos. La Fig. 5.5 muestra los resultados 
obtenidos para los tintes Lissamine Green B y Azure B, en ambos casos la decoloración es 
mucho más rápida cuando el Fe se encuentra en un soporte, en este caso el Fe-Alginato.  
 
Fig.5. 5. (Fig. 6. Art. 1) Tratamiento electro-Fenton de Azure B (A) y Lissamine Green B (B) usando Fe libre (♦) y Fe-
Alginato (8.69 g) (●), operando en una celda electroquímica con un volumen de trabajo de 0.15 L, un ﬂujo de aire de 
1 L/min, 14.19 V y un pH de 2. 
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En el caso específico del tinte Reactive Black 5 se realizó un estudio para optimizar el 
tratamiento electro-Fenton con Fe-Alginato mediante un diseño de experimento central 
compuesto centrado en las caras (CCF). Se estudió el efecto de los parámetros voltaje, pH y 
concentración de Fe en la decoloración y la degradación medida como reducción en el carbono 
orgánico disuelto (COD) y el consumo eléctrico. Estos estudios demostraron que tanto la 
decoloración como la degradación aumentan al elevar el voltaje y disminuir el pH, siendo 
significativamente más rápida la decoloración que la degradación. En el caso del consumo 
eléctrico se determinó que está relacionado principalmente del voltaje empleado. De este 
modo para alcanzar una solución de compromiso que obtenga una alta reducción de COD con 
una alta decoloración y a bajo coste energético para el tinte Reactive Black 5 se establecieron 
como condiciones óptimas las siguientes: 5.69 V; pH 2.24 y una concentración de Fe de 2.68 
mM. 
Para analizar la posibilidad de reutilizar los soportes con Fe inmovilizado se llevaron a cabo 
experimentos sucesivos en discontinuo. Como se puede observar en las Fig. 5.6 y 5.7, tras 
varios ciclos, se detectó que el tiempo necesario para obtener la máxima decoloración de tinte 
se incrementaba ligeramente. Los resultados para el caso del Fe-Alginato alcanzan 
degradaciones superiores a tiempos de tratamiento cortos, por lo que parece que este soporte 
es un buen candidato para su aplicación en sistemas en continuo. 
 
Fig. 5.6. (Fig. 7. Art. 1) Decoloración de los tintes Azure B (A) y Lissamine Green B (B) en ciclos sucesivos de electro-
Fenton con 8.26 g de Fe-Alginato operando con un volumen de trabajo de 0.15 L, un flujo de aire de 1L/min, 14.16 V 
y pH 2. 
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Fig.5.7. (Fig. 10. Art. 5.) Perfil de decoloración del Reactive Black 5 en el tratamiento electro-Fenton con 3 g de Fe-
Sepiolita operando con un volumen de trabajo de 0.15 L, un flujo de aire de 1L/min, 5 V y pH 2. 
La evaluación del tratamiento electro-Fenton en continuo utilizando diferentes 
configuraciones de reactores se llevó a cabo con el catalizador Fe-Alginato en base tanto a los 
resultados de reutilización como por su mayor tamaño con relación a la sepiolita, lo que facilita 
que no se generen pérdidas con el flujo de salida. El estudio tuvo lugar en distintas 
configuraciones de reactores: cilíndrico de burbujeo y Airlift; alcanzándose valores de 
decoloración mayores a mayor tiempo de residencia. Los estudios cinéticos de los procesos de 
degradación ensayados se ajustan a una cinética de primer orden. Por otra parte, se ha 
comprobado que el modelo hidrodinámico de ambos reactores se ajusta a un modelo de 
mezcla completa. En este contexto, se ha determinado la ecuación de diseño de ambos 
reactores y se ha comprobado en ambos casos que los modelos se ajustan perfectamente a los 
datos experimentales, tal y como se puede apreciar en la Fig. 5.8. 
Sin embargo, tras largos periodos de tratamiento se observan facturas en la superficie del Fe-
Alginato como se puede apreciar en la Fig. 5.9, las cuales son generadas por la agitación 
hidráulica, lo cual permite la liberación de parte del Fe. Esto indica que se necesita mejorar su 
resistencia física, tarea que se propone como futuros estudios a desarrollar. 
 
Fig. 5.8. (Fig.5. Art. 3) Tratamiento electro-Fenton con Fe-Alginato (115 g) en continuo del tinte Lissamine Green B 
en un reactor Airlift a distintos tiempos de residencia, operando con un volumen de trabajo 1.5 L, flujo de aire 1.5 
L/min, 3 V y pH 2). La línea representa la predicción del modelo. 
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Fig. 5.9. (Fig. 7. Art. 3) Comparación de imágenes de microscopía de barrido electrónico de la morfología de la 
superficie de las Fe-Alginato a tiempo inicial (A) y final (B). 
5.1.3. TRATAMIENTO ELECTRO-FENTON DE PESTICIDAS 
Tras el estudio de la aplicación del tratamiento electro-Fenton con Fe-Alginato en tintes se 
evaluó su utilización en la degradación del pesticida imidacloprid, un contaminante de alta 
solubilidad y muy empleado en agricultura, lo que hace susceptible su aparición en entornos 
acuáticos. 
Al igual que en el caso de los tintes, se evaluó el efecto del pH de la disolución en la oxidación 
del pesticida y su comparativa con otros procesos de oxidación avanzada (POAs). La Fig. 5.10 
muestra la alta aplicabilidad del tratamiento para este contaminante; incluso a pH básico, ya se 
puede alcanzar degradaciones superiores al 80% pese a que la oxidación se ve ralentizada. La 
Fig. 5.11 muestra las cinéticas de los distintos POAs estudiados para este pesticida y cómo la 
velocidad del proceso se ve incrementada con la inmovilización del Fe en comparación al 
sistema con Fe libre o al tratamiento electroquímico convencional. 
 
Fig. 5.10. (Fig. 5. Art. 4) Efecto del pH en la degradación de imidacloprid en el tratamiento electro-Fenton con Fe-
Alginato (4.27 g) operando con un volumen de trabajo de 0.15 L, un flujo de aire de 1 mL/min y 5 V. Símbolos: pH 
2(♦), pH 3(□), pH 4 (●) and pH 7 (▲). 
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Fig. 5. 11. (Fig. 3. Art. 4) Cinéticas de primer orden (ln de la concentración de imidacloprid normalizado (CA) vs. 
tiempo) de la degradación de imidacloprid por tratamiento electroquímico (▲, línea de puntos) (volumen de trabajo 
0.15 L, 5V y pH 2); electro-Fenton (●, línea de rayas)(150 mg/L de Fe, volumen de trabajo 0.15 L, ﬂujo de aire 1 
mL/min, 5V y pH 2) y electro-Fenton con Fe-Alginato(■, línea sólida) (4.27 g de Fe-Alginato volumen de trabajo 0.15 
L, flujo de aire 1 mL/min, 5V y pH 2). Los símbolos representan los datos experimentales y las líneas el modelo 
cinético. 
En muchos casos la toxicidad de un contaminante no termina con la degradación del 
compuesto ya que los productos intermedios que se generan pueden ser más perjudiciales que 
el propio contaminante, con lo cual es necesario estudiar si el proceso produce la completa 
mineralización. En este trabajo los análisis en LC-MS permitieron la identificación de los 
compuestos intermedios y la elaboración de una posible ruta de degradación del imidacloprid 
durante el proceso electro-Fenton con Fe-Alginato (Fig. 5.12). Además se observó como a 
diferentes tiempos de tratamiento los intermedios de la degradación desaparecen (Fig. 5.13) a 
medida que el compuesto se va mineralizando a CO2 y agua.  
 
Fig. 5.12. (Fig. 8., Art. 4.) Ruta de degradación del pesticida imidacloprid mediante el proceso electro-Fenton con Fe-
Alginato. (1) Imidacloprid; (2) Derivado 4-hidroxi; (3) Derivado 5-hidroxi; (4) Derivado de la guanidina cíclica; (5) 
Urea cíclica; (6) Derivado nitroso; (7) Guanidina cíclica olefínica; (8) Ácido 6-cloronicotínico. 
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Fig. 5.13. (Fig. 6. Art. 4.)Perfil de LC-MS del imidacloprid en el tratamiento electro-Fenton con Fe-Alginato con un 
volumen de trabajo de 0.15 L, flujo de aire de 1 mL/(min, 5V, pH 2 y 4.27 g de Fe-Alginato a diferentes tiempos de 
tratamiento (inicial, 30 minutos y 60 minutos). 
La investigación finalizó con un ensayo en continuo en un reactor de mezcla completa, a 
distintos tiempos de residencia y en las condiciones óptimas de pH y cantidad de Fe-Alginato. 
Al igual que en el tratamiento de los tintes, se observó que el modelo se ajusta bastante bien a 
los datos de degradación obtenidos. 
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5.2. TRATAMIENTO DE SEDIMENTOS MARINOS CONTAMINADOS 
El tratamiento electrocinético se basa en un proceso electroquímico en el cual se utiliza la 
corriente eléctrica para extraer especies de una matriz sólida. Existen numerosos estudios 
sobre la aplicación de técnicas electrocinéticas para el tratamiento de suelos contaminados y 
residuos (Kim, et al., 2000; Maturi, et al., 2006; Pazos, et al., 2006; Pazos, et al., 2009; Tsai, et 
al., 2010). Sin embargo, son pocos los estudios que hasta ahora han evaluado y optimizado su 
uso para sedimentos marinos (Colacicco, et al., 2010; De Gioannis et al., 2008). Los sedimentos 
marinos poseen una alta conductividad eléctrica, lo que los presenta como adecuados 
candidatos para el proceso electrocinético. 
De Gioannis, et al., (2008) llevaron a cabo el tratamiento electrocinético en sedimentos de 
origen marino, pero las condiciones básicas resultaron en la precipitación de los 
contaminantes y consecuentemente, en una baja tasa de eliminación. Esta problemática 
puede ser solventada con el uso de agentes solubilizantes que permitan la extracción del 
contaminante del suelo a la fase acuosa, incluso a valores altos de pH.  
Por otro lado el proceso Fenton, que es utilizado para descontaminar sedimentos de forma 
eficaz (Vicente, et al., 2012; Romero, et al., 2011), puede acoplarse al tratamiento 
electrocinético, al igual que ocurre con el tratamiento electroquímico, la adición de H2O2 y Fe 
permiten la degradación in situ de los contaminantes orgánicos (Kim, et al., 2005; Kim, et al., 
2008; Tsai, et al., 2010).  
En esta Tesis se analizarán distintos surfactantes para solubilizar compuestos orgánicos de 
forma eficiente y medioambientalmente respetuosa, para luego poder ser aplicados en un 
tratamiento electroquímico para descontaminar sedimento marino. Además se evaluará el 
tratamiento electrocinético utilizando la tecnología híbrida con Fenton y un tratamiento 
electrocinético convencional. 
A continuación se discuten los resultados obtenidos en los diferentes tratamientos de 
remediación y en el estudio de la correcta selección de surfactantes en la mejora de la 
solubilidad. 
5.2.1. REMEDIACIÓN DE SEDIMENTOS MARINOS CONTAMINADOS 
La aplicación de los tratamientos electrocinético y electrocinético-Fenton se estudió en un 
sedimento marino obtenido en una labores de dragado en la Ría de Vigo, en la cual se 
detectaron concentraciones de metales e hidrocarburos totales de petróleo (HTPs) que 
superaban los límites establecidos en la normativa (CEDEX, 1994). La diferente naturaleza de 
los contaminantes presentes en el sedimento marino provoca que la estrategia para lograr la 
descontaminación total pase por adicionar sustancias que favorezcan la solubilidad de los 
contaminantes para ser fácilmente extraídos mediante la acción del campo eléctrico. Así, 
inicialmente se utilizó el surfactante Tween 80 para aumentar la solubilidad de los compuestos 
orgánicos y el agente quelante EDTA para buscar el mismo efecto en los metales. En la Fig. 
5.14 se muestran las concentraciones normalizadas de HTP y metales en las distintas secciones 
de la celda en el tratamiento electrocinético. Los resultados para los metales en las distintas 
secciones no fueron homogéneos, sino que en las zonas próximas al cátodo se produjo una 
mayor reducción debido a la formación de complejos con carga negativa en su unión al EDTA. 
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La presencia de Tween 80 en el fluido de proceso solubilizó los HTP y favoreció su movilidad 
con el flujo electro-osmótico hacia el cátodo.  
 
Fig. 5. 14. (Fig. 3. Art. 6) Concentración normalizada de los metales y HTP obtenidos por el tratamiento 
electrocinético tras 15 y 30 días.  
La segunda alternativa para la eliminación de los contaminantes es su degradación in situ, que 
en el caso de los HTP se puede realizar mediante la inclusión por acción del campo eléctrico 
del reactivo Fenton en el interior del sedimento. Puesto que esta degradación no afecta a los 
metales se incluyó en las cámaras de los electrodos EDTA para favorecer su eliminación. Los 
resultados alcanzados con el tratamiento electrocinético-Fenton se muestran en la Fig. 5.15. 
Como era de esperar la tasa de eliminación de metales fue similar a la obtenida en los 
anteriores experimentos, sin embargo la eliminación alcanzada en HTP fue muy superior. Pese 
a que el pH se mantuvo básico el Fe se encontró disuelto por efecto del EDTA y la reacción 
Fenton permitió una elevada degradación in situ de los hidrocarburos. .  
 
 
Fig. 5. 15. (Fig. 4. Art. 6) Concentración normalizada de los metales y HTP obtenidos por el tratamiento 
Electrocinético-Fenton-EDTA tras 15 y 30 días. 
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5.2.2. INCREMENTO DE LA SOLUBILIDAD DE LOS COMPUESTOS HIDRÓFOBOS Y APLICACIÓN EN EL 
TRATAMIENTO ELECTROQUÍMICO 
Como ya se ha demostrado, la degradación de contaminantes en suelos y sedimentos se ve 
muchas veces limitada por la fuerte afinidad de los compuestos por la matriz sólida, lo que 
impide o limita su paso a la disolución, donde son más fácilmente degradados. La adición de 
compuestos capaces de solubilizar los contaminantes se propone como una medida adecuada 
siempre y cuando se seleccionen entre los compuestos más efectivos aquellos con un mínimo 
impacto ambiental para reducir en lo posible la contaminación secundaria producida por su 
presencia. 
Para estudiar el efecto de los surfactantes sobre la mejora en la solubilidad de compuestos 
hidrófobos  se seleccionaron el Tween 80, Brij 35 y Triton X-100 como surfactantes sintéticos 
no iónicos representativos, cuyo comportamiento fue comparado con el del biosurfactante 
Saponín, compuesto de origen natural y más respetuoso con el medio ambiente. El 
contaminante modelo fue el hidrocarburo aromático policíclico (HAP) fenantreno, compuesto 
procedente del uso de derivados del petróleo. Además, se evaluó la variación de los valores de 
concentración micelar crítica (CMC) de los surfactantes no iónicos en mezclas binarias con el 
biosurfactante. Los resultados obtenidos para el Saponín y el Tween 80 muestran valores más 
bajos de CMC, con lo cual tienen una fuerte tendencia a formar micelas. Contrariamente a lo 
esperado, no se detectaron comportamientos intermedios por la formación de micelas mixtas 
en las mezclas binarias, sino que en todos los casos estudiados, la evolución de la tensión 
superficial del sistema binario fue similar a la evolución del surfactante con menor CMC. Se 
estudiaron distintas combinaciones de Tween 80 y Saponín en la solubilización del fenantreno, 
concluyéndose que la mezcla Saponín-Tween 80 (1-1.2 mmol/L) era el mejor agente 
solubilizante.  
Esta mezcla de surfactantes fue utilizada en el tratamiento electroquímico de un sedimento 
marino artificialmente contaminado con 450 mg/kg de fenantreno. La Fig. 5.15 muestra cómo 
la disminución en la concentración de fenantreno en el tratamiento electroquímico con la 
mezcla Saponín-Tween 80 (1-1.2 mmol/L) favorece el proceso de degradación, alcanzando 
valores de degradación del fenantreno en el medio del 83% , mientras que en el mismo tiempo 
apenas disminuye a la mitad sin la adición de ningún compuesto que aumente su solubilidad. 
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Fig. 5.15. (Fig. 5. Art. 7) Perfil de la concentración de fenantreno en el sedimento marino con el tratamiento 
electroquímico del material con agua (○) y agua con la mezcla binaria de surfactantes Saponín-Tween 80 (1-
1.2mmol/L) (●). 
Se plantea que la aplicación de esta mezcla podría ser también utilizada en los tratamientos 
electrocinético y electrocinético-Fenton, así como en tratamiento electro-Fenton. Esta tarea 
no llegó a ser analizada en la presente Tesis, aunque queda abierta esta nueva línea de trabajo 
donde diferentes aplicaciones se podrían evaluar para continuar optimizando la degradación 
de contaminantes orgánicos en los sedimentos marinos.  
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Como se puede deducir de los resultados y de las conclusiones de cada artículo que compone 
la presente Tesis, los tratamientos de efluentes y sedimentos marinos desarrollados han sido 
efectivos y han permitido mejorar la eliminación de contaminantes minimizando el impacto 
ambiental del proceso.  
A continuación se establecen de forma concreta las conclusiones alcanzadas y aspectos más 
relevantes de cada etapa:  
6.1. TRATAMIENTO DE EFLUENTES CONTAMINADOS 
• Los estudios del proceso de inmovilización del Fe en alginato y en sepiolita han 
permitido comprobar que para las perlas de alginato el Fe es atrapado eficazmente en 
la estructura, efecto que se aprecia visualmente por el cambio de color. La sepiolita 
retiene el Fe por un proceso de absorción que sigue una cinética de segundo orden y 
su comportamiento se ajusta a las isotermas de Freundlich y Langmuir. 
• La inmovilización del Fe en el proceso electro-Fenton para el tratamiento de efluentes 
coloreados, permite: 
 que el proceso se lleve a cabo a distintos valores de pH sin la problemática de 
la precipitación de hidróxidos de Fe, aunque el pH 2 es más favorable para la 
generación de radicales hidroxilo, obteniéndose mayores porcentajes de 
degradación. 
 que la oxidación de los tintes detectada en los procesos que emplean un 
sistema de inmovilización es mayor que cuando el Fe se encuentra disuelto en 
el medio, lo que verifica la capacidad de reacción del Fe cuando se encuentra 
inmovilizado en los soportes estudiados. 
 que ambos soportes pueden reutilizarse, sin apenas disminuir su capacidad 
catalizadora. La comparativa entre el catalizador Fe-Alginato y Fe-Sepiolita 
indica un mejor comportamiento del soporte orgánico. 
 que el estudio del tratamiento en continuo utilizando como catalizador Fe-
Alginato puede llevarse a cabo con distintas configuraciones de reactores y sin 
ningún tipo de problemas operacionales. Las perlas de Fe-Alginato atrapan el 
Fe evitando que su concentración se vea diluida por su pérdida en el flujo de 
salida. Sin embargo, es necesario mejorar la resistencia física del soporte para 
que permita tiempos de tratamiento más largos.  
• Se aplicó el tratamiento electro-Fenton con Fe-Alginato para la eliminación del 
pesticida imidacloprid como ejemplo de contaminante emergente, repitiéndose el 
buen comportamiento anteriormente mostrado con tintes. En este punto cabe 
destacar: 
 que la utilización de cantidades elevadas de perlas de Fe-Alginato, puede 
originar un efecto negativo al disminuir la conductividad del medio, lo que 
ralentiza la oxidación. 
 que el pesticida fue totalmente mineralizado tras 24 horas de tratamiento. Lo 
cual fue demostrado mediante el análisis en LC-MS. El estudio de los 
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intermedios permitió, además de comprobar su desaparición a lo largo del 
tiempo, establecer una propuesta de ruta de degradación para este pesticida 
debida al tratamiento electro-Fenton con Fe-Alginato. 
 que es posible realizar un escalado a un tratamiento en continuo del 
imidacloprid con el proceso electro-Fenton con Fe-Alginato de forma eficiente 
y sin la detección de problemas operacionales. 
6.2. TRATAMIENTO DE SEDIMENTOS MARINOS CONTAMINADOS 
• En el tratamiento electrocinético de un sedimento marino con elevados contenidos en 
metales pesados y HTPs se ha determinado: 
 que la alta conductividad del sedimento permite que el tratamiento 
electrocinético pueda ser fácilmente aplicado ya que la resistencia eléctrica 
que presenta es baja y además un pH básico en el medio favorece la 
generación de un correcto flujo electro-osmótico desde la cámara del ánodo al 
cátodo, incrementado la movilidad de las especies presentes en el fluido del 
proceso. 
 que el gradiente de pH, que normalmente se produce entre los electrodos 
debido a la electrolisis del agua, se evita controlando el pH (pH 8.5) en ambas 
cámaras de los electrodos. 
 que la adición del agente quelante EDTA permite la formación de complejos 
con los metales que se liberan del sedimento a pH básico para poder ser 
transportados por la acción del campo eléctrico. 
 que la reducción de los metales aumenta con el tiempo, pero es un proceso 
lento y que necesita periodos de tratamiento de más de un mes de duración. 
 que para incrementar la solubilidad de los compuestos orgánicos estudiados 
es imprescindible la adición de surfactantes. En este estudio el uso del 
surfactante Tween 80 aumentó la solubilidad de los HTP y favoreció su 
movilidad con el flujo electro-osmótico, aunque los valores de eliminación son 
limitados. 
• El tratamiento electrocinético-Fenton de sedimentos marinos se ha planteado con el 
fin de lograr la degradación in situ de los contaminantes orgánicos y con ello poder 
favorecer la movilidad de las especies restantes presentes en el medio. Los resultados 
obtenidos permiten confirmar: 
 que el alto contenido en Fe del sedimento objeto de estudio ha permitido que 
mediante la adición de H2O2 en las cámaras de los electrodos las reacciones 
Fenton tengan lugar en el sedimento. 
 que la acción del EDTA sobre los metales permitió que el Fe pudiera estar 
presente en la fase acuosa y actuase como catalizador en la reacción Fenton 
incluso en condiciones básicas de pH. 
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 que el tratamiento Electrocinético-Fenton ha permitido la degradación in situ 
de los contaminantes orgánicos (HTPs) que no habían logrado ser 
eficientemente eliminados en el proceso electrocinético; observándose que al 
mismo tiempo esto ha permitido incrementar ligeramente la movilidad de las 
especies metálicas presentes en el medio. 
• En la evaluación de nuevos surfactantes para la solubilización de los contaminantes 
orgánicos se ha concluido: 
 que tras el estudio de los valores de CMC de distintos surfactantes sintéticos 
(Tween 80, Brij 35, Triton X-100) y del biosurfactante Saponín se puede 
confirmar que tanto el Tween 80 como el Saponín son los que poseen valores 
de CMC más bajos. 
 que los análisis de mezclas binarias de los surfactantes estudiados con Saponín 
no presentan propiedades intermedias entre ambos, sino que siguen un 
comportamiento semejante al del surfactante de menor CMC. 
 que es posible solubilizar el compuesto orgánico fenantreno de forma más 
respetuosa con el medio ambiente mediante su extracción en una disolución 
Saponín:Tween 80. 
 que el uso de la mezcla de surfactantes seleccionada en el tratamiento 
electroquímico de un sedimento marino contaminado con fenantreno alcanza 
valores de degradación mucho mayores que en ausencia de los agentes 
solubilizantes. 
De manera global se puede concluir que, para el tratamiento de efluentes contaminados con 
compuestos orgánicos, el proceso electro-Fenton con el catalizador inmovilizado es una 
técnica que alcanza altos valores de degradación y que permite aplicar el proceso en un 
tratamiento en continuo sin necesidad de añadir Fe ni producirse pérdidas del metal en el flujo 
se salida. 
Por otro lado, la descontaminación de sedimentos marinos puede llevarse a cabo con 
tratamientos electroquímicos para la eliminación de contaminantes orgánicos y 
electrocinéticos para la eliminación de contaminantes orgánicos e inorgánicos. En ambos casos 
existe una clara mejora del rendimiento cuando se emplean agentes complejantes para extraer 
los metales de la matriz y surfactantes que aumentan la solubilidad de los compuestos 
orgánicos. Además, la posibilidad de acoplar un proceso Fenton permite degradar in situ los 
compuestos orgánicos. Todos los compuestos que se empleen en tratamientos de remediación 
han de ser lo más respetuosos posible con el medio ambiente sin perder su funcionalidad en el 
tratamiento, por ello el uso de biosurfactantes como el Saponín permiten realizar un proceso 
electroquímico eficaz y más sostenible. 
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As can be observed from the results and conclusions of each article that composes this PhD 
Thesis, the treatments developed for the decontamination of effluents and marine sediments 
have been effective and have improved the pollutant removal while minimizing the 
environmental impact of the process. 
Then a concrete set of findings and relevant aspects of each stage are shown: 
6.1. TREATMENT OF POLLUTED EFFLUENTS 
• The studies of Fe immobilization in alginate and sepiolite have revealed that for 
alginate beads the Fe is effectively trapped into the structure, effect seen visually by 
the color change. Sepiolite retains Fe by an absorption process that follows second-
order kinetics and its behavior fits well with the isotherms of Freundlich and Langmuir. 
• The immobilization of Fe in the electro-Fenton process to treat colored effluents 
allows: 
 to carry out the process at different pH values without the problem of the 
precipitation of Fe hydroxides, while pH 2 is more favorable for the generation 
of hydroxyl radicals, resulting in higher degradation rates. 
 to improve the detected oxidation of the electro-Fenton treatment of dyes 
when Fe is immobilized compared to Fe dissolved, which verifies the reaction 
capability of Fe when it is immobilized on the studied supports. 
 to reuse both supports, with little decrease in its catalytic ability. The 
comparison between the Fe-Alginate and Fe-Sepiolite indicates a better 
performance of the organic support. 
 to conduct a continuous treatment using Fe-Alginate catalyst with different 
reactor configurations and without any operational problems. The Fe-Alginate 
beads trap the Fe preventing its concentration to be diluted by its loss in the 
outflow. However, it is necessary to improve the physical strength of this 
support to allow longer treatment times. 
• The electro-Fenton treatment with Fe-Alginate was carried out for the removal of 
pesticide imidacloprid, as an emerging pollutant example, repeating the good 
performance shown with dyes. In this study it should be noted that: 
 the use of large amounts of Fe-Alginate beads may cause an adverse effect 
due to the decrease on the conductivity of the medium, which slows oxidation. 
 the pesticide was completely mineralized after 24 hours of treatment. This was 
shown by LC-MS analysis. The study of the intermediates allowed to check 
their disappearance over time and to establish a proposed route for the 
pesticide degradation due to the electro-Fenton treatment with Fe-Alginate. 
 the scale up of the process to a continuous treatment of imidacloprid with the 
electro-Fenton process with Fe-Alginate that was carried out efficiently and 
without the detection of operational problems. 
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6.2. TREATMENT OF POLLUTED MARINE SEDIMENTS 
• In the electrokinetic treatment of marine sediment with high contents of heavy metals 
and TPHs it has been determined that: 
 the high conductivity of marine sediments enables the easy application of the 
electrokinetic treatment since the electrical resistance is low and it has a basic 
pH that favors the generation of a proper electro-osmotic flow from the anode 
to the cathode chamber and increases the mobility of the species present in 
the process fluid. 
 the pH gradient, which normally occurs between the electrodes due to the 
electrolysis of water, is prevented by controlling the pH (pH 8.5) in both 
chambers of the electrodes. 
 the addition of the chelating agent EDTA allows the formation of metal 
complexes that are released from the sediment at basic pH and can be 
transported by the action of the electric field. 
 the reduction of metals increases with time, but it is a slow process that 
requires periods of treatment longer than one month. 
 the increase of the solubility of the studied organic compounds by the addition 
of surfactants is essential. In this study, the use of the surfactant Tween 80 
increased the solubility of the total petroleum hydrocarbons (TPHs) and 
favored its mobility with the electro-osmotic flow, although the removal 
values were limited. 
• The electrokinetic-Fenton treatment of marine sediments has been raised in order to 
achieve in situ degradation of organic pollutants and thus, to promote the mobility of 
the remaining species. The results confirm that: 
 the high Fe content of the sediment under study has allowed the Fenton 
reactions to take place by adding H2O2 in the electrode chambers. 
 the action of EDTA on metals allowed the Fe to be present in the aqueous 
phase and to act as a catalyst in the Fenton reaction, even under basic 
conditions of pH. 
 the electrokinetic-Fenton treatment allowed the in situ degradation of organic 
pollutants (TPHs) which had failed to be efficiently eliminated in the 
electrokinetic process, noting that this has led to an slight increase on the 
mobility of the metal species present in the medium. 
• For the evaluation of new surfactants on the solubilization of the organic pollutants it 
has been concluded that: 
 after the study of the CMC values of various synthetic surfactants (Tween 80, 
Brij 35, Triton X-100) and the biosurfactant Saponín, it can be confirmed that 
both Tween 80 as Saponin are those with lower CMC values. 
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 the analysis of the binary mixtures of the studied surfactants with Saponin do 
not have intermediate properties between the two. They follow a behavior 
similar to the surfactant with lower CMC value. 
 it is possible to solubilize the organic compound phenanthrene in a more 
environmentally friendly way by extracting it with a solution of Saponin:Tween 
80. 
 the use of the selected mixture of surfactants in an electrochemical treatment 
of phenanthrene polluted marine sediment reaches degradation values much 
higher than in the absence of solubilizing agents. 
Globally, it can be concluded that, for the treatment of effluents polluted with organic 
compounds, the electro-Fenton process with the catalyst immobilized is a technique that 
achieves high degradation values and that allows the application of this process in a 
continuous treatment without adding Fe or losing it with the output flow. 
Furthermore, the decontamination of marine sediments can be carried out with 
electrochemical treatments for removing organic pollutants and electrokinetic treatments for 
removing organic and inorganic pollutants. In both cases there is a distinct improvement in the 
results when complexing agents are used to remove metals from the matrix and surfactants 
that increase the solubility of organic compounds. Moreover, the possibility of coupling a 
Fenton process enables the in situ degradation of organic compounds. All the compounds 
which are used in remediation treatments should be as environmentally friendly as possible, 
without losing its functionality in the treatment, therefore the use of biosurfactants as Saponin 
allow the use of efficient and more sustainable electrochemical processes. 
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